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"o^hriol  o^v,  ""'-angchun,  -T  i  1  in, 


•v' 

"'u.  <  r  'i  g-- waned  the  'ine-a*- :  cs  and  d  ;’na"  i  r  r  of  tve 

•  ••  I-* •  .i'.o  -i  -f?  th  w'"* ■'  e  1  vs  r<,ne,ntin''  '  nto  and  conin^ 
o  ;t  fro  i  1  perpen  ‘ic  :lar’y.  ""he  cn1 eul ation  of  tve 
ele-tr  i  c  eon  outer  shows  t  at  for  the  r«Tiire,"c  r  a 
ccrta ' tractive  force  the  'heel  s'ould  hove  ,prii;r 
r  ir.  •-!  •»  t  nt  •' f  'vis  t  e  optimal  t  'active  i ei enc*% 

The  ex;  orieent  on  the  specific  test  bench  d  red  by  the 
0  -thor  nr.  own:  this  type  of  wheel  has  a  less  j'Mng  resis- 
t- :..'e  •!••••’  o  .i.thcr  tractive  efficienc”. 

-  ./ 


Tht  rigid  lugged  .heel  is  the  "'riven  wheel  a^opte^  widely 
by  *  he  -  a-My  tractors  in  China.  Beause  the  adhesive 
per  for'ance  of  this  wheel  is  not  good ,  and  the  rolling 
r'  rifstfir.ee  is  ’arger,  the  efficiency  of  the  wheel  is  rush 
lower,  "he  spy  eorance  of  the  paddv  fieiu  boot  ‘ractor  na>es 
the  nchine  ponses  less  moving  resistance,  the  reason  is 
t  at  'he  boot  has  a  large  bottom  area  which  o-reatlv 
decreases  the  ground  pressure  and  cn-ise3  a  s',a1l  sin'-ege. 

»t  the  so  e  f  ire  doe  to  the  lubrication  of  water,  the 
•'riction  coefficient  of  sliding  between  the  botto-"  of  hoot 
and  ♦v.e  s  irfoce  layer  of  the  paddy  field  is  also  small. 

But  its  irivin”  gear - lugged  wheel  itself  still  has  the 

pro tier  that  the  rolling  resistance  is  large,  "or  example, 

the  boat  tractor - 'ubei-li?  weighs  fill  vg,  the  weight 

distributed  only  on  bottom  is  S40  ’<g,  and  on  the  wheels 
is  -:g.  But  the  sliding  resistance  of  boat  is  on! v  "l7l  vg 

and  the  rolling  resistance  of  the  wheels  reach  even  5Qr7  vg. 
"he  rolling  resistance  is  so  large  that  wheels  ore  not  able 
to  offer  er.ough  tractive  force  and  the  efficiency  is  very 
low.  Thus  means  a  waste  of  oil  and  non-econonics  of  t^e 
production. 


p  to  now,  the  research  of  this  rigid  wheel  ir  node  nninly 
jy  tee  .nethod  of  selecting  the  geometric  shape  of  the  lug, 
.ich  :eo;.s  soil  from  being  dug  up  and  decreases  tse  rolling 
resistance.  The  lugs  fixed  on  the  wheel  nove  in  different 
trochoids,  which  decides  that  the  lu:~s  have  to  co-nect  the 
soil  no  -latter  whatever  geometric  3hare  and  lug  angle  are 
adopted.  The  great  majority  holds  that  the  co-naction  of 
the  .oil  b-  -.'heel  is  juot  the  min  reason  cs’vin'~  rolling 
resistance. 

"his  oiper  st  idie.i  the  -/'’eel  with  ”’ov',tie  lugs  wMch  nene- 


-»  o  >i  nr  ■■  t  I  of  tho  arl  *  centre  o'  the  lure  o'  thl » 

•;he'- 1  *  i  u  TO"  -•:  »n.  lo"i  of  oil  points  on  the  1  *»er  in 

3oi  i  ore  ror-‘  «!  *  o  it.  "hen  the  l  ip;  novas  nerpend  « m ’  ,r’  v 
m  soil,  "he  *iae<*n*  iea  en  ntion  of  any  -'Oint  **  on  Te  lug 


hi  mints  on  the  Imp-  in 


-  ' l  - 5  '  ®  sin® 

Y„  -  1  ( ’  -  0  '  -  <  con  0  ♦  h 


w;-,.«e  ,hn  is.  the  distance  fro-  point  ?•*  to  the  apex  o'  the 
iup,  :<  is  t-.e  radius  of  the  wheel,  i.e.  the  distance  fron 
•  :,e  wheel  cei  tre  to  the  axle  centre  of  the  lug.  Q  is  the 
angle  timing  fron  the  lowest  position  of  the  wheel  lug:  it 
is  positive  when  the  lug  penetrates  into  soil,  and  negative 
when  out  fror.  soil. 

According  to  different  slips  the  -otion  of  lug  in  soil  nay 
be  divided  into  th**ee  ernes:  it  bulldozes  the  soil  twice, 
once,  or  it  does  not  bulldoze  the  soil  as  s^.own  in  "ig.  ** 


$C»iU<5  <&w»t» 


raff. 


e  lug  hole  of  the  soil  at  different  s’ipS 


M 


h'TV 
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'.’here  tie  dotted  lines  represent  the  bulldozed  soil  on  toe 
first  tine,  .  represents  the  noil  sheared  and  T>re3~ed 
backward,  x  represents  the  soil  bulldozed  or  h* e  secnr  ‘ >?, 

bv.ously,  th»re  n  ist  be  a  certain  critical  si’p£»/<i.  -h«'- 

the  wheel  rolls  with  a  slightly  smaller  slin  then  *--'*»  • 
bulldozes  soil  twice,  and  the  lug  bulldozes  soil  on1"  — " 
with  n  slightly  larger  slip  than  it.  <£*ti  con  ‘p  ’of  ■ 
by  the  following  equation.  Tt  i3  more  complicate'4  a:i-  r  > 
be  solved  by  the  electric  computer.  _ 

( 1  -6 )  (cos  1  ( 1-5 )  *cos  1  J 2$-S*  0  (?) 

There  also  exists  a  certain  critical  slip&nti  .  The  lug 
bulldozes  soil  once  with  a  slightly  smaller  slip  than  it, 
and  does  not  bulldoze  soil  with  a  slightly  larger  slip  thar 
it.  &ritl  can  be  determined  by 

(Wi  *H/R  '? 

2.  The  dynamics  performance  of  the  wheel  with  movable  lugr 

1)  The  derivation  of  the  drnwbnr  pull  of  the  wheel  witw 
"ovablc  lugs 

The  horizontal  forward  thrust  of  the  soil  against  «  single 
lug  can  be  calculated  by 

Pt  -  y  rbh*  N(<*> )  «-2cbhjN($>)  ' '* 1 

where  T  is  the  specific  weight  of  soil,  <p  is  t*e  angle  of 
friction,  G  io  the  coefficient  of  cohesion,  b  is  the  width 
of  lug,  h  is  the  depth  of  the  sinkage  of  lug,  N(<p  )  is  the 
flow  value  and  equal  to  tgft X/Q+P/?). 

To  keep  the  penetrating  lugs  from  interfering  par1'  other 
when  they  act  on  soil,  the  slip  should  be  confined  wit1'*- 
the  necessary  limit 

where  H  is  the  sinkage  of  the  wheel,  t*  is  ‘he  number  cf  the 
movable  lugs  of  the  wheel. 

e  can  calculate  the  average  tractive  force  p*  of  a  nin-ie 
lug,  then  the  tractive  force  IV  of  the  wheel  is 

H-WR 

The  result  of  calculation  by  the  electric  computer  shows 
that  the  maximum-drawbar  pull  and  the  optimal  tractive 
efficiency  of  the  wheel  exist  only  when  the  slip  is  between 
Suitl  and  fan  .  Hence  here  we  only  introduce  the  formul  a  in 
which  the  slip  is  between  dfcnti  and  SuiV  .  through  derivation 
we  obtain  the  equation  as  follows 

p*  )(5cos''  (l-l)-coa'  f-^jj-)]  -3, Jt-V  r4 

-2HR*|r*  )  *|( R-H )J 2RH-H*}  { ( *’-n) (  3coa'1  ( 1-4 

-COBH  +}Rj2$-6i-j2Rfl-nl  }  (7) 
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The  rolling  resistance  l^e*t  of  soil  to  the  wheel  is  mainly 
from  the  three  respects,  i.e.  the  bulldozing  resistance  fy , 
of  the  friction  and  adhere  of  soil,  the 

»  _ _ : _ _  # _ ;  l  j _  * _ a_  i _ 


the  resistance  P« 


■ - - -  -  -  -  - *  *  - 

resistance  of  of  the  compaction  of  soil  due  to  the 

thickness  of  the  lug3.  Hence 

rft*t  *p*.  *Pfj  *Pfi  (0) 

where  P*,-*7$N(<J>){  (  cos'1  (-8=a)-cos‘,(l-5)]  (H,-2HR+^R4  )*^(H-R) 
Jphr-h’-rJpS-J1  (2H-6p-^R)}  (cos^f-^) 

-cos''(i-6)]  (h-r)*J2rh^-J?£7Fr 

pf>'ISfw7T71 

where  ft  is  the  friction  coefficient  of  soil,  K  is  the 
bearing  coefficient,  t  is  the  thickness  of  the  lug. 

2)  The  maximum-drawbaur  pull  Pupaua  of  the  wheel  with  movable 
lugs 

The  drawbar  pull  of  the  wheel  P«r  is  equal  to  the  difference 
of  P*  from  P^t.It  is  easy  to  obtain  the  maximum-drawbar 
pull  of  the  wheel  in  different  depth  of  the  ainkage  by  means 
of  the  electric  computer.  Pig.  5  shows  !!-?„*,«-£  curves  with 
three  different  structure-parameters. 


■fetai, 
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Fig.  5  tT-tr  -  S  c  rven  o'  vor^o:;  cor.r'  r^v  or 
parameter  of  the  wheel 
curve  1.  3  •  5'7c-  "  ’  F 

c  irve  2.  «  ^'’ct  h  »  p. 

curve  3.  1  «  bmCT  •'  =  10 

The  curves  show  that  the  nnximun-drawbar  pills  ore  '■'ifferert 
with  the  di'Tere-it  sinkage  correspondent  s1  •.  "he 
larger  the  sinkage,  the  larger  the  maximum-Crawbi) v  null,  ->n'* 
the  larger  the  slip  is.  Tf  other  conditions  ere  the  ss.-ie  nn^ 
the  number  of  the  lug  is  fixed  while  the  -adior  or  the  whee1 
increases,  the  maximum-drawbar  pill  dfcrensss.  "he  remit  i~ 
contrary  to  that  of  the  tire  wheel,  "he  ata^c.e  between  t,,,o 
near  punching  holes  is  "«  *  '’b '  1 -J 'sin-J  'f  ”  i  •  no*- 
changed  and  ■  gets  larger  and  t'en  the  relevant  -lin  r'1*"' 
smaller,  .i*certainly  gets  larger.  This  -a  es  the  urea 
decreases  on  whicn  the  wheel  acts  per  unit  length  of  uoi1. 
And  then  the  obtained  thrust  from  the  soil  is  smaller.  Tr 
R  and  1'  become  larger  at  the  same  tine,  tve  diatance  between 
two  near  lugs  keeps  approximately  constant,  and  the  c1 snro 
of  .In  is  not  very  large,  then  increases  w’ th  h. 

3'  The  optimal  tractive  efficiency  of  the  wheel  with  movable 
lugs 


The  formula 

wheel  is 


for  calculating  the  tractive  efficiency  r>r  this 

-tf  ts  <9) 


The  external  rolling  efficiency  of  the  wheel  can  be  obtained 
by  "fcf/k  ♦  ?h®  internal  rolling  efficiencv  o«"  the 

wheel  can  be  represented  by  as  Mw-flmi  .  And  the 

slipping  efficiency  is  Ms 

There  are  two  ways  to  seek  the  maximum-tractive  efficiencv. 
First,  to  a  given  sink,  changing  the  slip  of  the  wheel,  we 
can  seek  the  slip  with  which  the  wheel  has  the  maximum- 
tractive  efficiency,  and  the  relevant  drawbar  pull  can  be 
also  obtained,  i/her e  is  the  function  of  clip  5.  Cecond, 

to  a  given  requirement  of  drawbar  pull,  changing  the  depth 
of  the  sinkage  and  slip  with  which  the  wheel  has  the 
maximum-tractive  efficiency,  '/here  »  is  the  function  of 
the  sinkage  :i  and  the  slip  5  .  1  * 


oone  diccuseions  belong  to  the  first.  Tt  is  obvious  that 
the  ranges  to  see1'  the  optimums  by  theee  two  ways  are 
different.  In  practice,  the  paddy  field  floating  tractor 
should  determine  the  optimal  sinvage  of  the  wheel  according 
to  required  drawbar  pull.  Fig. 4  gives  the  curves 
calouleted  by  the  electric  computer  in  those  two  h«*s 
mentioned  above  with  some  given  soil-parameters,  "or 
instance,  by  the  first  way,  if  "  «  1-n,  $  •f, 
obtain  fee  »  0 .  rR5'~,  nif  -  p8.' ir>g.  *’y  the  second 
if  7  nr  -  0P-.‘*V'Z^  we  obtain  "  •  l~.'"cm,  /-o.pojo  *»rw  w 
»  0.5°3?.  The  meaning  of  curve  therefore,  is  t>,«*t  to  ^ 
a  given  drawbar  pull  the  curve  shows  the  optical  denth 
of  the  sinkage  of  the  wheel  i.e.  to  this  re«  >i roron*  of  the 
drawbar  pull,  the  wheel  has  the  optimal  tractive  efficiencv 
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.  n  t  *  x  a  .1 .  r»  . 


?ig. 4  curves  of  maximum  tractive  efficiency 

Curve  1.  maximum  tractive  efficiency  vs. 

corresponding  drawbar  pull ,  slip 
at  a  given  sinkage 

Curve  ?.  maximum  tractive  efficiency  vs. 

corresponding  r.in  age, slip  at  a 
given  drawbar  pull 

J.  Ihcperiment  end  conclusions 

A  wheel  war  manufactured  with  the  design  nrinciple  in  ^g. 
1-2.  The  wheel  was  te-ted  on  the  specific  device  shown  in 
r  i  g .  5' . 

"he  device  is  able  to  1.  adjust  and  fix  the  ain'eage  of  the 
tested  wheel,  2.  control  the  slip,  5.  test  the  axle-torque 
of  the  t  sted  wheel,  4.  te  t  the  drawbar  pull,  5.  t<*st  the 
•icil  force  of  the  soil  against  the  tested  wheel. 
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Pig.  5  test  set 

1.  tented  wheel  P.  full  electric  bridge  for 
measuring  the  torque  of  the  nr)  e  x.  chain 
4.  gear  box  output  5*  winch  tor  controlling 
slip  r.  pul  l-conpreaaion  sensor  for  measuring 
Draw-bar  forces  (not  including  resistance  of 
the  test  set"!  roller  q.  pull-coimression 

sensor  for  measuring  the  vertical  reaction  of 
the  soil  °.  u^per  chasis  of  the  test  set 
10.  sliding  Joint  for  transmitting  horizontal 
forces  21.  rail  IP.  small  wheel  of  the  test 
set  15.  set  for  adjusting  t  e  sintage  of  the 
tested  wheal 


The  practised  tractive  efficiency  of  the  tasted  wheel  can 
be  tested  and  calculated  by 

tf  «  Ik*- = -WL_ .  «■£» 
m«u*  TrvfWf  w* 

D  I  (10) 

S-  Tit _ 0 

The  result  of  the  experiment  is  shown  in  Tig. 6  and  Tig. 7. 
The  tested  curves  of  a  wheel  with  hyperboloid  lugs  are 
included  in  theae  figures.  Prom  which  we  can  see: 


1)  The  theoretical  curves  of  the  dratrbar  pull  and  the 
tractive  efficiency  of  the  wheel  with  movable  lugs  which 
penetrate  and  leave  the  soil  perpendicularly  are  higher 
than  the  other  tested  curves  and  they  have  some  "advance'1 
siautaneously.  This  is  because  of  the  result  by  simplifying 
the  formula  of  plasticity. 
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curves  of  efficiency  vs.  slip 

1.  experimental  tractive  efficiency  of  the  rigid 
wheel  with  movable  lug3 

.  experimental  tractive  efficiency  of  the  rio-id 
wheel  with  hvperbol oidal  lugs 
5.  theoretical  efficiency  curve  of  the  rigid 
wheel  with  movable  lugs 

experimental  rolling  efficiency  curve  of  t^e 
rigid  wheel  with  movable  lugs 
r.  experimental  rolling  efficiency  curve  or  t^e 
r’gid  wheel  with  hyperboloidal  hips 

?:.o  rolling  and  tractive  efficiencies  of  the  wheel  with 
t-iO  movable  1  :;s  are  higher  than  that  of  t^e  wheel  with 
.yporbolo i dal  lugs.  This  is  obvious  when  the  slip  is 
1<-1!>.  ithout  the  internal  friction  its  tractive 
efficiency  would  be  higher  in  1^-iP, 6.  J’ence,  it  is 
i  portent  to  decrease  the  internal  friction  of  t'is  wheel. 

’  Ti  e  curves  (1)  (41  show  that  the  external  rolling 
->fri  -iencv  of  the  former  is  higher  than  that  of  the  latter 
. n  K-1H/6,  which  is  the  essential  reason  that  the  former 
tractive  efficiency  is  higher. 

■*'  .tth  the  a  ae  slip,  the  drawbar  "ull  of  t.he  ’-'heel  with 
oveble  lugs  is  greater. 
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Fig.?  curves  of  force  V?  slip 

1.  experimental  curve  of  drawbar  pull  or  r’,~i'* 
wheel  with  movable  lugs 

P.  experimental  curve  of  drawbar  null  of  rlgi* 
wheel  with  hyperboloidal  lu-a 
experimental  curve  of  the  vertical  compressive 
force  to  the  soil  by  the  rigid  whee1  w’th 
movable  lugs 

4.  experimental  curve  of  the  vertical  com-iressi  ve 
force  to  the  soil  by  the  rigid  wheel  th 
hyperboloidal  lugs 

5.  curve  of  theoretical  drawbar  pull  r  the 
rigid  wheel  with  movable  lugs 

5)  The  coopactive  force  of  the  wheel  with  movable  lugs  to 
the  soil  is  ouch  smaller  than  that  of  the  wheel  with 
hyperboloidal  luga.  The  wheel  has  a  higher  externa.'  rolling 
and  tractive  efficiency  just  due  to  the  snail  conpict  loss 
of  the  soil. 

The  Old 

This  paper  studies  some  problems  about  the  large  rolling 
resistance  of  the  driving  wheel  of  the  paddy  field  floating 
tractor.  According  to  the  point  of  view  that  the  rolling 
resistance  comes  mainly  from  the  compaction  of  sol1  bv  Virc, 
the  paper  analyses  the  kinematics  and  the  dynamics  of  t*>e 
wheel  with  the  movable  lugs.  3ome  experiment  has  been  ■»n*e. 


SOS 


•  •;  •  -i to’;  '  : 

i '  -  ...  -p  ■  r.+  •'iM’  ■••A  >T'ir.r  oil  omen  ' '  p;!’ -ir1  y 

•>  n  !■  c  r<!‘"r'  ■•opt1"  *-  p  co"  act?  on  *o  *  ’•<*  noil. 

.'he  ext'  r:r>l  -on  inn  *ur'  tract i”p  erf i  c or.  or  ‘h» 
••..ogi  i  t  h  0V''b]o  !  'i  r;  ire  :  pr  thin  fut  or  tl,e  /heel 

v  ;  t  ;  sy-«.:rloloid-«I  J’l.'P. 

.  '  To  i  y.ven  r>»T  .  ire-.ent  of  t*  e  drawbar  -  11  in  optical 
depth  of  the  sinf'ij'e  mn  bo  no  jrh*-  by  *-h®  electric  coTiiter» 
.depth,  t.'  «»  wheel  b.«n  the  optic.il  tractive 
t*f  f  i  ;  x  er.c,  . 

It  should  be  pointed  o  it  t  it  1  i°  to  the  novable  1  uf-3  the 
otruct  .re  of  the  wheel  in  "ore  complicated.  \n*  no~c 
internal  friction  losses  generated  by  the  -novable  !o(jP. 


AD-P004  284 


507 


N 


INwroTiGATION  OF  THE  DRIVING  UHEEX  THRU. ;T  OF  PADDY  FIELD  TRACTORS 
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The  Chinese  Society  of  Agricultural  Machinery  ,  Bel  Jin*  ,  Chine 
The  Tractor  Research  Institute  of  China  ,  Luoyan  ,  Henan  ,  China 


ABSTRACT 


In  this  paper,  the  producing  process  of  the  driving  wheel  thrust  of 
paddy  field  tractor  ir  analyzed  through  experiments  aade  in  a  soli  bln. 

In  essence,  it  is  a  process  in  which  the  wheal  lugs  are  moved  against 
the  soil  so  that  the  soil  in  the  neighbourhood  of  contact  surface  is 
coup: es sad  and  sheared.  The  methods  for  predicting  the  driving  wheel 
thrust  and  the  lug  notion  trajectory  of  paddy  field  tractor  are  proposed. 
The  predicted  values  of  the  thrust  are  co spared  with  those  obtained 
through  experiments.  It  shows  that  the  predicted  thrust  agrees  fairly 
satisfactorily  with  the  measured  results. 


1ITRODUCT10N 


One  of  the  aaln  pro  hi  eas  of  paddy  tractor  is  that  the  driving  wheel  oust 
be  suitable  to  the  condition  or  paddy  field.  Although  a  lot  of  tractors 
have  been  used  in  paddy  field,  their  traction  efficiency  have  not  bean 
satisfactory.  The  power  loss  of  the  driving  wheels  accounts  for  nearly 
t6t  of  the  total  loss.  Thus,  it  is  seen  that  the  traction  efficiency 
should  be  improved  and  more  suitable  types  and  parameters  of  the  tractor 
wheels  in  design  need  to  be  provided.  for  this  reason,  a  thorough 
study  of  the  interaction  between  the  paddy  soil  and  driving  wheel  of 
paddy  field  tractor  should  bo  aade  in  order  to  understand  the  producing 
process  of  thrust  and  rolling  resistance. 

This  paper  attempts  to  analyse  the  producing  prooess  of  the  driving 
wheel  thrust  of  paddy  tractor  through  obaarvation  in  the  soil  bin  and  to 
propose  accurate  methods  based  on  this  snalysls  for  aalculating  it  la 
design. 


THE  PgOPgTT  Of  PA  DDT  30IL 

The  property  of  paddy  soil  is  different  from  the  dry  field  soil  as  a 
result  of  planting  rice  for  a any  years.  Since  the  soil  property  is 
closely  related  to  wheel  performance,  the  relevant  parts  of  see han leal 
property  of  paddy  soil  are  roughly  described  aa  follow* 

The  eg ro technique  of  rice  requires  s  large  amount  of  water  to  be  kept  in 
the  field  for  a  long  time.  This  causes  the  paddy  field  to  have  a 
deeper  and  soft  soil  layer.  Depending  on  the  groundwater  level,  the 
tine  of  planting  rloe  and  the  kind  of  soli,  two  eases  of  the  soil 
gsnarally  existed  beneath  the  soft  soil  layer.  One  oaaa  is  that  the 


508 


30 1 1  forme  a  hardened  layer  and  the  other  does  not.  The  strength  of 
soft  soli  layer  la  very  weak  but  the  adhesion  Is  great.  These  soil 
conditions  and  the  particular  requirements  of  cultivation  in  paddy  field 
sake  it  difficult  to  design  high  efficiency  driving  wheels. 

The  preseure-sinkage  relationships  of  paddy  soil  are  varied.  But  when 
plowing  field,  the  preasure-alnkage  curve  is  generally  displayed  as 

Kig.1. 


Fig.  1  Pressure-alnkage  curves  of  a  plate  for 
a  paddy  soil 

According  to  the  measured  data  of  paddy  soil  in  the  field  and  using  the 
effective  portion  of  the  presaure-sinkage  curves,  the  relationship  of 
these  two  peraeeters  could  be  described  by  the  following  equation  based 
on  the  requirement  of  simple  and  practical  applloatlon(ll. 


P-k,#**1  (1) 

where  p- plate  pressure,  (kgf/ca*) 
i-plate  slnkage, ( cm) 

k,  -coefficient  of  soil  sinkage, (kgf/ca*) 
kg -coefficient  of  soil  slnkage,  ( os'*) 


Ckie  to  the  effect  of  soil  consolidation,  the  water  oontent  and  density 
of  paddy  soil  are  different  in  respective  layers.  It  causes  the 
cohesion,  internal  friction  angle,  adhesion  etc. to  be  varied  with  soil 
depth.  The  curves  of  cohesion  and  internal  friction  angle  va  soil 
depth  are  shown  in  Pig. 2. 


iv 
to'  a 


a 

3 
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*lg.2  Coefficient  of  ooheeion  and  internal  friction 
angle  va  soil  depth 
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However,  the  coefficient  of  cohesion  he*  a  cloae  reiationahip  with  the 
pressure-sinkage  relation.  It  could  be  described  by  the  following 
equation: 


c*ap+u  (2) 

where  c-coefficient  of  soil  cohesion,  (kgf/cn1) 
•-proportion  constant 

u- coefficient  of  soil  cohesion  in  the  surl'ace 
layer,  (Icgf/cs*) 


OBSERVATION  AND  ANALYSIS  OF  THE  BEHAVIORS 
OF  DRIVING  WHEEL  IN  PADDY  SOIL _ 

Since  the  thrust  of  s  driving  wheel  of  paddy  tractor  is  aainly  produced 
by  the  interaction  between  the  soil  and  wheel  lugs,  the  study  of  the 
producing  process  of  a  wheel  thrust  would  be  the  study  of  the  producing 
process  of  the  lug  thrust.  Therefore  the  behavior  of  driving  wheel 
lugs  in  soil  was  o bee rested  firstly. 

1.  OBSERVATION  EQUIPMENT  AND  METHOD 

The  equipment  is  coaposed  of  a  soil  bin,  a  carriage  and  power  unit.  On 
the  carriage  is  aounted  a  slip  oontrol  aaehehiaa  for  the  driving  wheel 
aoving  at  a  definite  slippage.  Sons  ballasts  were  used  as  the  vertical 
load  applied  on  the  driving  wheel.  la  one  side  of  the  soil  bin  there 
is  s  glass  window. 

The  soil  in  the  soil  bin  was  picked  fro a  a  nature  paddy  field  whose 
particle  else  distribution  is  shown  in  Tsble  1 . 

Table  1.  The  soil  parti  cal  distribution  in  the  soil  bin 


Soil  particle 
dia.  (as) 

Distribution  J) 

Cultivation 

layer 

Bottoa 

layer 

>  0.05 

5 

5 

0.01  0.05 

37 

U 

0.005  ~  0.01 

12 

11 

0.001  -  0.005 

26 

21 

<  0.001 

20 

19 

Tbs  soil  was  laid  and  ooapaeted  in  the  soil  bin  lsysr  upon  layer  just 
like  real  paddy  field,  and  than  water  waa  poured  into  the  soil  bin. 

On  the  aids  surface  of  the  aoil  against  the  glass  window,  white  lattices 
and  points  wore  drown. 

The  diner slons  of  tha  wheel  used  in  the  test  are  shown  In  Table  2. 

Whan  tha  driving  wheel  novas  against  tha  glass  window  with  a  oartain 
slippaga,  th§  lug  lotioB  slid  soil  dl splsoMtnt  vvn  pfto  Id inpiiii]  _ 


glass  window 


Fig.  3  Sketch  of  the  test  device 


Tahle  2.  The  dimensions  of  the  test  wheel 


Wheel  diameter 

75  (ca) 

Lug  driving  side  angle 

25(deg) 

Wheel  width 

I0((ca) 

Lug  front  side  angle 

10(deg) 

Lug  length 

10  (ca) 

Lug  angle 

9°(deg) 

Lug  height 

Lug  top  face  width 

7.25  (ca) 

2  (ca) 

Nuaber  of  lugs 

9 

2.  RESULTS  OF  OBSERVATION  AND  All  ALTS  IS 

la  rig.  4—6.  le  shown  either  s  single  lug  or  eervel  lugs  of  wheel 
eoving  la  paddy  soil,  the  soil  la  the  neighbourhood  of  luge  has  a  regular 
movement.  The  interaction  between  the  driving  wheel  lug  sad  the  paddy 
soil  Is  slailar  to  that  of  a  retaining  wall.  The  wheel  lugs  are 
applied  upon  fay  peaelve  p re a sure.  But  the  problem  Is  the  changes  of 

the  soil  slip  region  due  to  the  effect  of  lug  location  and  tractive  farce. 
When  the  lug  eaters  into  action  and  applies  a  force  to  the  soil,  the 
•oil  particles  la  the  neighbourhood  of  lug  are  aoved  against  each  other 
in  which  local  ooapresslon  and  shear  will  occur.  With  the  force 
Increasing  the  aoveaeat  of  soil  particles  Is  Increased  and  then  proceed 
to  develop  a  continuous  slip  face  in  the  direction  of  low  resistance. 

When  the  lug  force  Is  higher  than  the  soil  bearing  capacity,  the  soil 
will  be  failed  aad  lugs  sink  again.  In  other  words,  the  rotation  of 
the  wheel  onuses  the  vertical  load  of  lugs  entering  into  the  soli  to  be 
increased  aad  they  aove  downwards  again  until  reaching  the  equilibrlua, 
although  the  traction  force  is  very  snail.  But  at  any  lug  location, 
the  soil  bad  been  reached  the  state  of  plastic  equilibrlua  which  causes 
the  slip  face  to  be  produced.  It  can  bo  seen  during  the  test. 

However,  the  lug  lying  over  the  instantaneous  rotation  oenter  novas 
downwards  and  forwards  so  that  the  soil  under  the  driving  side  of  lugs  Is 
ooapressed  downwards  sad  fores  two  slip  regions.  This  is  similar  to 
the  state  in  which  tbs  plate  Is  applied  a  force  at  a  certain  angle. 

With  the  rotation  of  wheel,  lugs  lying  below  the  instantaneous  center 
aove  downwards  aad  backwards.  The  soil  under  the  driving  side  of  lug 
is  nonprossed  downwards  and  is  sheered  backwards.  Only  one  slip  face 
exists.  This  is  shown  in  Fig.  7. 


Fig.  7  Slip  face*  of  the  peddy  soli  under  the  ..ction 
of  driving  wheel  in  various  positions. 

Froa  observation,  the  shape  of  slip  fact  which  is  developed  In  the  paddy 
•oil  under  the  action  of  each  lug  is  curving  anu  approximates  to  a 
logarl  thole  spiral.  But  when  the  lug  top  face  soves  at  the  Potto  a  of 

cultivation  layer,  the  slip  fsce  is  dsveloped  along  the  top  of  botton 
layer.  It  is  noteworthy  that  as  the  ug  is  moving  in  soil,  the  soil 
beside  both  lug  lateral  sides  will  also  produce  slip  faces.  But  their 
curvatures  ere  sore  gentle. 

Fron  above  analysis,  It  could  be  eeen  that  the  thrust  producing  process 
of  a  paddy  tractor  driving  wheal  la  a  process  in  which  the  wheel  lugs  are 
■owing  against  ths  soil  so  that  the  soil  in  the  neighbourhood  of  contact 
surface  is  compressed  end  sheared.  Therefore,  the  thrust  of  a  driving 
wheel  will  depond  on  the  sheer  charsc terictic  of  paddy  soil. 

THRUST  CALCOUTTOi 


Empirical  equations  eey  be  used  to  calculate  the  thrust.  It  is  staple 
and  convenient  in  calculation  so  that  it  should  be  developed  continuously. 
However,  using  the  principle  of  moil  pressure  to  dsrivs  ths  sodels,  ws 
will  be  able  to  Integrate  the  calculation  of  thrust  and  rolling 
resistance  and  widen  the  1 ini tat ion  of  application  and  analyse  ths 
interaction  between  the  driving  wheel  and  toil.  Although  the  principle 
of  aoll  pressure  used  to  calculate  the  thrust  is  vsry  co spies,  it  ir 
still  considered  as  a  feasible  method  oonneotod  with  the  particularity 
of  peddy  soil  because  the  digital  computer  has  widely  been  used  recently. 

The  evaluation  of  soil  passive  pressure  by  tbs  logarithmic  spiral  method 
has  been  studied  by  many  researchers [iI£dIC*JCd7C7Jt  This  asthod 
assumes  the  slip  race  to  be  ooepoeed  of  a  logarithmic ‘spiral  and  a  plans 
ssctlon.  It  approximates  to  the  shape  of  slip  face  of  the  paddy  aoll 

applied  by  lugs,  but  in  a  given  soil  Its  pole  location  is  different  due 
to  the  lug  aoviag.  In  respect  to  ths  driving  side  of  lug,  when  it 
soves  below  the  Instantaneous  rotation  center  the  assumption  of  ths 
logarithmic  spiral  pole  locates  cn  ths  radius  of  lug  top  fees  spproxiastes 
fairly  to  ths  reel  situation  according  to  our  experieents  as  Fig. 8. 

Thus,  this  assumption  could  bo  used  in  calculating  the  lug  force. 
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Fig.  8  Ths  practical  and  sssuaed  allp  faca  of  pertdy  soil. 

It  auat  be  pointed  out  that  the  soil  characteristics will  ba  a  aain 
factor  whan  calculating  In  our  taata  It  la  found  that  tha  deviation 
of  calculated  value,  neglecting  tha  varlatlona  of  aoll  parameter*,  la 
larger  than  that  of  the  alip  faea  shape  aaaunad  In  calculation  which 
deviates  froa  the  real  shape  slightly.  Therefore,  to  evaluate  accu¬ 
rately  tha  thrust  of  paddy  field  driving  wheel  using  the  logarlthalc 
spiral  eathod,  we  aust  consider  tha  variation  of  aoll  paraaetere. 

Proa  the  above  reason,  lugs  location  aust  ba  decided  first  la  calculating 
their  forces.  It  is  worth  noticing  that  tha  notion  trajectory  of  wheel 
lugs  eay  ba  a  cycloid  or  not.  It  will  dapaad  on  tha  aoll  characteri¬ 
stics  and  construction.  In  respect  of  a  driving  wheal  of  paddy  tractor 
with  high  luga  and  wide  pitch,  its  las  tan tan sous  rotation  oaater  lisa  on 
tha  lowest  lug  first.  Mben  front  luga  are  sowing  at  tne  depth  where 
tha  vertical  aoll  reaction  forces  ci  i  equalise  tha  wheel  load,  tha 
instantaneous  rotation  esntor  novas  onto  the  front  adjacent  lug.  But 
this  lug  also  sinks  sines  tha  wheal  rotation  oaueea  its  vertical  load  to 
bo  increased.  Thus,  the  aovlng  trajectory  of  luga  la  neither  a 
cycloid  nor  a  circle.  3inoe  the  strength  of  poddy  sell  differs  in 
different  layer,  the  slnkage  of  the  front  edjeosnt  lug  onto  which  the 
instantaneous  rotation  center  begin  to  nova  is  different.  It  is  shown 
that  tha  aovlng  trajectory  of  lugs  is  oorrelated  with  the  soil  characte¬ 
ristics. 

Y 


f 


Pig.  9  Scheaatlc  disgree  of  test  wheal 
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iaaunlng  that  tha  location  of  loweat  lug  lloa  on  tha  origin  of  coordi¬ 
nate,  fl  (.9,  tha  Moving  trajectory  of  luga  nay  ba  axpraaaad  aa  follovet 

X  -  X.  ♦  r  ain<  id  -  •' )  , 

T  -  T0  -  r  ooe(  id  -ty-  •')  K3) 

utaara 

la  -  0.0175  R  f(  1  -  S  )  .  r4) 

T*  -  R  ooa  [(  V  -  1  )  •  -  <f>] 

and 

Xo  -  0.0175  R<f(  1  -  S  )  (51 

T0  -  2.  -  Z*>(j.N)  ♦  R  ooa(  M  -  «f  ) 
whan  (*-1)R*<#>,^»f4Ne 
if  —  Rotation  angla  of  ahaal  (dag) 

X  —  *v araga  slippage  haaad  on  tha  outalda  diaaatar 
of  uhaal 

0  —  Can  tar  angla  botuaen  tun  adjaoant  luga  (deg) 
r  —  Radi u a  of  a  point,  on  uheal  lug  (oa) 

Xa,  Ta  —  wheal  oaatae  looatlon  in  tho  ooordlaata  (aa) 

R  —  Kbool  outsldo  radiua  (aa) 

•'  —  Angla  batuaan  tha  radluaoa  of  a  point  and  tho  lug 
top  feeo  (dag) 

1  —  Ordinal  nuabar  of  luga  na  ahoun  in  fig. 9 
R  —  Ordinal  nuabar  of  wboal  rotation  period,  i.o. 

-28  £  <  -«  ,  R»-1  , 

-fl  (fc  ^  4  0  ,  M  | 

0  *  if*,  g  ,  R-1  t 

and  ao  forth. 

Za  —  Nan.  uhaal alakaga  (on) 

tu  t  —  Slakago  of  tha  ith  lug  at  tha  rotation  angla  *#  (cn) 
uu  —  Uhaal  rotation  angla  ubun  tha  front  adjaoant  luga 
novo  to  tho  looatlon  uhoro  tha  tun  of  tho  vortical 
oonpooaut*  of  coll  reaction  forooa  applied  oa  #0  lug 
aidoa  equal*  taro.  It  nay  bo  calculated  approxi- 
aatly  by  tho  follodag  equation! 

+  [■!*>( oC  "■'/)-  tanf  aoa(«C-VL)](1-«'’^#^lt) 

-  1»C,  ooe(e<*-(£)}  alnw-0 


B  —  Lug  length  (ea) 

K  —  friction  angle  of  tha  paddy  aoil  and  tha  lug 
aide  (doa) 

Ca  —  Roil  adhesion  (kgf/on*  ) 
u»  —  Ug  angle  (dog) 

It  —  Tho  ooataot  height  of  a  lug  side  and  aoil  (on) 

L  —  Length  of  ■hearing  fnoa,  nay  ba  taken 

L  .»(i-*)ala(V2)  (an) 

X  —  Slip  coefficient  of  ahear-dl^laoonant  eurvoa  (on) 
J#  —  Lug  allp  diaplaoanant,  nay  bo  taken 


-0.0i7S(i-J)[if,e#_t4B'/  gj}(en) 


■\ir:  :■ 

■  It 


tan  yi-g  *  __  uhMl  rotation  U|l«  whan  #1  lug 

•la  •  aovaa  to  tb«  looation  wbsrs  it* 

•lip  diaplaoaaant  equals  »aro. (deg 

d_  -0.5B  aln(2  (In'4  a  USiL  -  V,  )  cojcj  —  Kaight  of  th* 
2R 

#1  lug  top  fact  aiddla  point, 
whan  if  •  Cf.  ( ca) 

Whan  the  n ua bar  of  lug,  radlua  of  rla  and  lug  angle  lnoraaao,  Vs  Mould 
have  a  tendency  to  yard  a  taro  and  tha  notion  trajectory  of  lug  would  have 
a  tandanoy  toward*  a  cycloid. 

Z  and  Z« ;  oould  ba  calculated  by  tha  aathod  baa  ad  on  tha  aqulllbrlun  of 
the  whaal  load  0  and  tha  vortical  ooaonaat  of  aoll  forcaa  PT  j  ,. 


It  ahould  ba  pointed  out  that  tha  lug  looation  la  aoll  a ra  dlffaraat. 

So  a  a  luga  ara  ovar  tha  lnatantanaoua  rotation  cantor  of  whaal  and  aoao 
lug*  bolow  it.  In  tha  foraar  oaaa,  tha  lug  driving  aid*  applies  tha 
vortical  load  to  tha  aoll  and  tha  lug  top  faca  appliaa  both  vartleal 
load  and  horlaontal  fore*  to  tha  aoll.  But  in  tha  lattar  oaaa,  they 
ara  ravaraa. 

Aeoordlng  to  tha  obaarvation.  It  aay  ba  found  that  tha  aoll  allp  faca  la 
davalopad  backward*  and  dot* wards  alnoa  tha  lug  driving  aida  appliaa 
vartleal  load  to  tha  aoll.  Boueva r,  If  horlaontal  force  la  appllad  to 
•oil  additionally,  tha  looation  of  allp  faca  would  ha  hlghar  than 
foraar,  a*  Pig. 10. 


ooapound  load 


vartlaal  load 


10  Slip  facaa  of  tha  paddy  aoll  undar 
of  driving  whaal. 


tha  nation 


Ala  cause*  tha  soil  baarlng  capacity  to  ba  raduead  avaa  though  In  tha 
aaaa  dapth  and  land*  to  tha  lug  sinking  again  until  tha  uartlaal  ooa- 
ponaot  of  soil  paaalva  praaaura  can  equal  the  load  oa  tha  lag  driving 
•Ida.  This  is  tha  sain  raster  oaualng  tha  whaal  slip  alakaga. 

Par  tola  raaaon,  its  affact  should  ha  eoneiderad  la  oaloalatlag  lug 
faros, 1. a.  when  luga  ara  balav  tha  lnatontoaaoua  rotation  cantor  af 
whaal,  tha  aoll  paaalva  praaaura  ahould  ba  uaad  to  calaulata  thalr 
driving  aida  faraa  and  tha  praaaura-alhkaga  relationship  night  ba  uaad 
to  aalaulata  tha  foraa  of  thalr  top  faoa.  Otharvlaa,  to ay  should  ha 
ravaraad. 


P0, 
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It  will  be  eeen  that  the  thruat  P  of  tho  paddy  tractor  driving  wheel a 
la  the  cue  of  affaetlva  horlaonta!  ooaponaata  of  foreaa  applied  on  the 
luga  laalda  the  aoil. 

N*2N,i 

Tha  average  thruat  of  paddy  driving  wheal  appro xlaa tea  tha  thruat  whan 
oaa  lag  looataa  at  tha  plana,  wham  it  la  la  front  of  tha  lowaat 
poaitlon  about  d/S  wheal  rotation  angle.  Calculating  tha  avesage 
throat,  the  following  aquation  night  be  uaad. 

S1“**  X(Ul),(f-7e/8)*l,Z®  . 


*q,.v.  •  it{[a{k,ak*<l«‘s-d)ei)+24[»  ly  aln£  eln^eO.  5A,ooeU5°-*/2  j] 
(l-e*J/«)]o^  2b  Lg  k#eM*o-T,(i-  .mfl, 

♦  —  Jd-e'J/')  ooe&  tanf  ain/5 


wham 


♦  iBlb  k(e*«<*o-*-<0(i-  .to  .hi.hk.O2A}2) 

1«1  '  v  21  31  ' 

tan  fooaf*  alnu>v  •  C,  Lb  ooo^alnw 


(  7  ) 


lug  driving  aide, 

'  («H> 

ug  top  faaa, 

(dag) 


£  —  Rake  angle  of  tha  1 
,  -90-  [(l-7/8)#foO 

A  —  Rake  angle  of  tho  1 

-(1-7/8)# 

ft  —  *ake  angle  of  the  rlo  chord  botooan  adjacent  luge. 

*  -(l-l1#/8)t<**/2  _  (dag) 

8  •  R{  eoa(0/8)-ooe[(  1-7/8)#]}  (ea) 

T  -  R  000(8/8)-!^  00 •( 1  #-<*,)  (on) 

d  -0.5  8  aln[(l-7/8)#*2  oln"^  B  M4W  )Jgh*u>  (ea) 

*a  -  0.5  n'  1  t*  aln ft.  (on2) 

tg  •  *0  C •8-®< */2- «*« )♦  eln(#/2-efc)l  (on) 

I»b  —  Width  of  tha  lug  top  faoo  (on) 

Rq  —  Ria  radlua  (on) 

«'  —  Ruahor  of  tho  Internal  a hearing  face a  of  each  lug,  nay  bo 
taken  tho  valuo  o f  2  (  for  alngla  logo  wheel)  or  1.5  (  for 
dual  luga  wheal) 

a  —  Tho  ordinal  nuabar  of  front  luga 
J  •  R{oU[#-tan“1  -  eln(lO-»p) 

-0.0175( uS )[f-<  1-1)#- taa-1  JldUbJBtf]}  , 

* 

Wen  •  L-J  •  (*■•  ) 


(f  •  7#/8  ) 
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For  th«  verification  of  above  analysis,  experiments  bad  bean  carried 
out  in  a  soil  bin.  The  teat  wheel  la  the  sane  aa  that  uaed  in 
obaervatlon,  however,  on  the  luga  are  ecus ted  eenaora.  The  informa¬ 
tion  of  aenaora  are  a  to  red  In  a  tape  recorder  and  calculated  with 
digital  eo^mter. 

The  teat  aoll  la  the  aaae  aa  that  uaed  In  obaervatlon  too.  The  aoll 
paraaetera  are  ahown  in  Table  3.  The  wheel  load  la  135  kgf. 

The  reaulta  of  experlaeat  end  calculated  value  are  ahown  In  rig. ii. 

It  la  fotad  that  the  calculated  valuea  of  tteruat  agreea  fairly  aatla- 
factorily  with  the  aeaaured  reaulta. 


Table  3-  Soil  paraaetera 


Water  content  £lu£tlon  lay.r 

Bo t too  layer 

36.8  37.2  X 

32.9  34.8  X 

22.9  26.8  X 

Coefficient  of  aoll  slnkage,  k, 

0.3837 

(kgf/co2) 

Coefficient  of  toil  slnkage,  kg 

0.1351 

( cn“ 1 ) 

Proportion  oonstant  of  soil  oohealon,  m 

0.0963 

Soil  ooboeion  la  the  surface  layer,  u 

0.075 

(kgf/en2) 

Soil  adhesion,  C. 

0.09 

(kgf/ en2) 

Slip  coefficient  of  ahear-dlsplacenent 
curve, 

0.4 

(cn) 

friction  angle  of  poddy  ooll-lug  elds, 

r,.v. « 

(deg) 

Wot  density, 

2.23 

(g/cn3) 

Internal  friction  angle  of  eoll,f>tlV> 

17 

(deg) 

QMO.USIOIS 


1.  The  producing  prooeaa  of  the  driving  wheel  thruat  of  paddy  tractor 
la  a  proeaaa  In  which  the  wheel  lug a  are  eoved  against  the  aoll  ao  that 
the  aoll  In  the  neighbourhood  of  oonUct  aurfaoo  la  crop  reaped  and 
ahoerod.  for  a  given  paddy  driving  wheel ,  the  thruat  depanda  on  the 
shear  characteristic  a  of  cell. 

2.  The  paddy  flald  aoll  la  nonhoeogeoao  ua ,  the  water  cob  tent,  oohesion, 
adhesion.  Internal  friction  eaglo,  wot  donalty  end  friction  angle  of 
interface  ere  different  In  respective  soli  layers. 

3.  The  notion  trajectory  of  poddy  wheel  lugs  any  bo  a  cycloid  or  not. 

It  depends  on  the  aoll  charactorlatlco, wheel  structure  and  paranotero. 

4.  The  aain  factor  of  slip  clnkage  of  paddy  driving  whool  la  the  aoll 
slip  faee  aovea  upwards  which  causes  the  aoll  bearing  capacity  to  ba 
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MOBILITY  OF  THE  SMALL  COMBINE (TRACK  TYPE)  ON  SOFT  GROUND 
-RELATIONSHIP  BETWEEN  THE  POSITION  OF  THE  CENTER  OF  CRAVITY 
AND  THE  MOBILITY - 

Haruo  ESAKI 

Institute  of  Agr. Eng. .UNIVERSITY  OF  TSUKUBA,  JAPAN 


(  ABSTRACT 

Tn  East  Asia,  approximately  one  million  small-aized  rice 
combines  have  been  used  on  paddy  fields.  The  objective  of  this 
study  is  to  carry  out  fundamental  investigations  on  the  mobi¬ 
lity  of  small  combines  associated  with  changes  in  the  position 
of  the  center  of  gravity.  The  relationship  between  the  posi¬ 
tion  of  the  center  of  gravity  and  the  performance  of  the  com¬ 
bine  in  straight  and  circular  drive  was  analysed. 

INTRODUCTION 


There  are  approximately  three  million  and  five  hundred  thou¬ 
sand  combines  in  the  world.  Two  million  and  five  hundred  thou¬ 
sand  combines  of  the  general  type  have  been  used  on  upland 
fields  in  the  USA,  Europe,  USSR  and  other  countries.  One  mil¬ 
lion  small  rice  combines  with  cutter  bar  of  less  than  1.5m  in 
width  have  been  used  in  East  Asia,  especially  in  Japan  (Fig.l). 
More  than  eighty  percent  of  small  combines (app.  0.8  million) 
are  two-row  rice  combinea  with  a  cutter  bar  approxtaately  0.7m 
long.  The  grain  tank  or  grain  platform  which  can  carry  several 
bags  of  grain  is  located  on  the  right  side  of  these  combines. 

These  small  combines (Japanese  type  combine,  J.T. combine)  are 
primarily  used  to  harvest  rice  in  paddy  fields  on  soft  ground. 
Therefore  these  siachines  are  equipped  with  crawlers  and  are 
designed  so  that  the  mean  ground  contact  pressure  is  as  low  as 
possible.  The  mean  ground  contact  pressure  of  the  J.T. combine 
ranges  from  15kPa  to  25kPa  (0.15-  0 . 25kgf /cm2).  To  decrease  the 
contact  pressure,  the  ground  contact  area  should  be  widened. 


Grain  tank 


Fig.l  Japanese  type  combine. 
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but  the  outer  area  of  the  two  crawlers  should  be  narrower  than 
the  cutter  bar  length.  As  a  result  the  crawlers  are  compara¬ 
tively  longer.  The  ratio  of  the  length  L  (cm)  to  the  width  W 
(cm)  of  a  crawler  ranges  from  3.2  to  3.5. 

The  weight  of  the  J.T. combine  C  (kg)  ranges  between  400kg 
and  3000kg.  Since  the  weight  of  the  combine  Increases  with  the 
length  of  the  cutter  bar  W  (cm), 

C  -  2W  -  550  (1) 

The  mean  weight  of  the  two-row  combine  is  850kg. 

The  position  of  the  static  center  of  gravity  of  the  J.T. com¬ 
bine  is  comparatively  high  with  values  of  Ct(ca)  ranging  from 
0.55L  to  0.9L,  when  the  ground  contact  length  of  the  crawler 
L  (cm)  is  taken  into  account.  Thla  position  of  the  static  cen¬ 
ter  of  gravity  is  much  higher  than  that  of  other  track  laying 
vehicles,  such  as  bulldozers  for  which  values  of  Ci ranging  be¬ 
tween  0.2L  and  0.3L  are  recorded  - 

In  this  report,  the  center  line  of  the  ground  contact  length 
of  the  crawler  is  referred  to  as  the  X-X  axis,  the  center  line 
of  the  two  crawlers  is  the  Y-Y  axis,  the  point  of  intersection 
of  the  two  lines  is  the  origin  of  the  coordinate  axis,  and  the 
vertical  axis  from  the  point  of  intersection  is  the  Z-Z  axis. 

The  center  of  gravity  is  usually  located  in  front  of  the  X-X 
axis  with  values  of  Gy (cm)  ranging  from  -0.05L  to  0.25L,  and 
on  the  left  aide  of  the  Y-Y  axis  with  values  of  G» (cm)  ranging 
from  -0.1B  to  0.08B,  where  B  (cm)  is  the  distance  between  the 
center  line  of  the  two  crawlers  (Pig. 2).  The  two-row  rice 
J.T. combine  is  comparatively  light,  weighing  500~1200kg,  and 
it  is  able  to  run  on  paddy  fields  with  soft  ground.  Since  the 
grain  tank  located  on  the  right  side  of  the  vehicle  is  able  to 
carry  100  to  300kg  of  paddy,  thus  the  position  of  the  dynamic 
center  of  gravity  shows  a  much  wider  range  of  variation  than 
the  static  center  of  gravity. 


OBJECTIVE 

The  purpose  of  this  study  is  to  evaluate  the  mobility  of  the 
small  comblne(J.T. combine)  on  paddy  fields  with  soft  ground 
depending  on  the  changes  of  the  position  of  the  center  of  grav¬ 
ity.  In  this  report  the  perfonaance  of  the  vehicle  will  be  ana¬ 
lysed  in  straight  and  circular  drive. 


TRACK-LAYING  VEHICLES  USED  IN  THIS  STUDY 


The  following  three  vehicles  were  used  in  the  experiments. 

1)  Reconstructed  vehicle  based  on  the  design  of  the  Japanese 
type  combine,  and  where  the  position  of  the  center  of  gravity 
can  be  easily  changed  by  adjusting  the  weight  on  the  main 

2)  Model  I  scaled  down  to  0.44L  and  0.27V  from  the  ground  con 
tact  length  L  and  width  V  of  the  original  combine,  respec¬ 
tively. 

3)  Model  I  scaled  down  to  (0.26*0.43)L  and  (0.30~0.41)W  from 
those  of  the  original  combines  (Table  1). 


Table  1.  Main  specifications  of  tested 
track  of  vehicles. 


Combine  and  Models 

Two- row 
combine 

Model  1 

Model  II 

Cutterbar  width 

m 

0.75 

- 

- 

Weight 

Kg 

640 

13 

22 

Width  of  track.W 

m 

0.27 

0.073 

0.08-0. 11 

Length  of  track.L 

m 

0.01 

0.36 

0.21-0. 35 

Ground  contact  pressure 

kPa 

15 

9 

5 

Pitch  of  lug.P 

on 

75 

18 

24 

Distance  between  the 
center  of  the  crawlers, B 

cm 

72 

30 

24 

RfiAB  .  B.EP 

The  first  vehicle  was  tested  on  a  hard  surface (concrete  road 
bed)  as  a  standard  road,  as  well  as  on  upland  fields  and  paddy 
fields  where  the  field  conditions  are  controlled  by  the  plow¬ 
ing  depth,  number  of  packerrlngs  and  moisture  content.  Model 
vehicles  were  tested  in  a  soilbin  filled  uniformly  with  soil, 
which  was  tilled  and  hardened  for  every  test. 

The  shearing  stress  r  ,  coefficient  of  cohesion  C,  angle  of 
friction  ♦  and  soil  hardness  (kPa),  moisture  content,  liquid 
limit  and  plastic  limit  of  soil  were  determined  (Table  2). 


Table  2.  Characteristics  of  road  bed 
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P.r.:  Paddy  field.  S.B.:  Soil  Bln,  U.F.:  Upland  field 


THE  CENTER  OF  GRAVITY  OF  THE  VEHICLES 

The  determination  of  the  C.G.ratlo( {,  ,  (y  and  it  )  which  is 
defined  in  the  next  equations  enables  to  compare  the  position 
of  the  center  of  gravity  of  the  various  vehicles  and  the  values 
obtained  are  based  on  the  calculation  of  the  ground  contact 
length  L  and  width  U  of  the  crawler. 


(.--^*100  (X).  *y--^xl00  (X).  --^*100  (X)  (2) 


IUnf*  of  C.G. 
of  J.T.ccablne  f 


I 


m 


R*ng«  of  C.G 
for  test 


Plq.2  The  position  of  tha  csntsr 
of  gravity. 


Table  3.  Center  of  gravity  of  tested  vehicles 
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0  *22  *44 

0  (20 

0  (12. 5 

0  *10  *21  ^ 

*1  *12.5 

0  (11  *11 

in  *a _ l 

0  *10  *20 

3 

_ _ 

gsaj 

0  *1]  *22 

0  *11  2* 

0  (10  (20 

When  the  coablna  La  unable  to  aove  In  a  straight  llna,  the 
operator  tauat  ataar  aavaral  tiaes  tha  vahicla  to  cut  tha  cropa 
In  rows,  avan  if  tha  Machine  la  equipped  with  automatic  con¬ 
trol  unite.  Such  operation  la  aeeoclated  with  considerable 
■antal  and  physical  atraaa. 

The  relationship  between  the  C.G. ratio  and  the  performance 
of  tha  vehicle  in  straight  drive  was  analysed.  Whan  tha  tasted 
vehicle  runs  without  requiring  any  steering  over  a  certain 
distance,  a one time a  there  is  a  left  or  right  turn  with  a  ra¬ 
dius  It  <■)  depending  on  the  position  of  the  C.G.  and  the  con¬ 
ditions  of  the  road  bed  (Fig. 3).  The  value  of  the  curve  radius 
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ratio  a  is  defined  in  the  next  equa¬ 
tion,  based  on  the  distance  between 
the  center  lines  of  the  two  crawlers 
B  (cm).  When  the  tested  vehicle  runs 
in  a  straight  line,  the  value  of  p 
is  0  and  when  the  absolute  value  of 
p  is  larger  than  0,  straight  drive 
performance  is  not  satisfactory. 

a  -  *100  (2)  (3) 

Forward  slippage  of  the  crawler  was 
observed  in  straight  run  and  the 
cause  of  this  phenomenon,  as  well  as 
the  relationship  between  the  slippage 
and  the  position  of  the  C.G.  or  the 
value  of  p  is  discussed  in  the 
following  section. 


Pig. 3  Radius  of  curve 
In  straight  drive. 


Curve  of  vehicle  in  relation  to  the 
position  of  C.G. 

When  the  center  of  gravity  is  situated  on  the  Y-Y  axis,  the 
vehicle  runs  straight,  even  on  paddy  fields  or  on  a  hard  road 
bed.  This  also  applies  when  the  C.G.  is  situated  in  front  or 
in  rear  of  X-X  axis. 

When  the  absolute  value  of  {«  exceeds  102,  implying  that  the 
C.G.  is  situated  on  the  right  or  left  hand  side  of  the  Y-Y 
axis,  straight  drive  performance  is  impaired. 

For  instance,  when  the  vehicle  runs  on  a  hard  road,  concrete 
road  or  hard  upland  fields,  where  the  soil  hardness  is  980kPa 
{10kgf/ca2},  and  the  value  of  of  the  vehicle  is  above  10Z, 
the  value  of  ly  ranges  fro*  -152  to  15Z,  and  the  vehicle  tends 
to  siake  a  curve  to  the  left,  although  the  C.G.  is  on  the  right 
hand  side  of  the  vehicle.  When  the  value  of  iy  is  above  202, 
namely  implying  that  the  C.G.  is  situated  forward  remarkably, 
the  vehicle  tends  to  make  a  curve  to  the  right,  toward  the 
side  where  tne  crawler  is  overloaded. 

When  the  vehicle  runs  on  soft  paddy  fields,  where  the  soil 
hardness  ranges  from  lOOkPa  to  300kPa  (l~3kgf /cm2},  the  vehicle 
tends  to  nuke  a  curve  toward  the  side  where  the  crawler  ir 
overloaded,  although  the 
C.G.  is  situated  forward 
or  backward  (Fig. 4). 


J.T. 

combine  const <ts  of  an 
endless  rubber  track  with 
inner  steel  plates  and 
steel  wires.  The  rubber 
track  bends  due  to  the 
pressure  from  the  track 
wheels.  At  the  level  of 
the  first  track  wheel, 
the  rubber  track  bends 
along  the  arc  of  circle 
drawn  by  the  track  wheel, 
and  then  the  head  of  the 


Forward  slippage  and 
straight  drive 

the  crawler  of  the 


<xr3> 


Pig. 4  Relation  between  C.G. ratio  ty  and 
curve  radius  ratio  s  (straight  drive) . 
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lug!<  of  the  track  Is  widened  and  comes  In  contact  with  the  road 
bed  over  a  wider  distance  P+  dP  (cm)  than  the  pitch  of  the  lug 
P  (cm),  and  the  distance  between  the  other  lugs  under  the  track 
wheel  may  become  wider  due  to  the  pressure  of  the  track  wheel 
(Fig. 5). 
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Plq.S  Forward  slippage. 


When  the  vehicle  runs  on  a  hard  surface,  deformation  of  sur¬ 
face  due  to  the  lugs  la  minimum,  and  the  increase  in  the  dis¬ 
tance  between  the  lugs  may  lead  to  forward  slippage.  However 
when  the  vehicle  runs  on  a  soft  field,  the  traction  of  the 
track  exerts  a  pressure  on  the  soil,  and  backward  slippage  may 
occur,  and  the  distance  between  the  lugs  may  decrease.  Back¬ 
ward  slippage  has  not  been  ob¬ 
served  in  the  straight  drive  test 
even  on  paddy  fields  with  soft 
ground.  The  distance  of  forward  « 
slippage  on  a  hard  surface  was 
longer  than  that  of  slippage  on 
soft  ground.  The  value  of  the  o 

slippage  ratio  (X)  is  defined  £ 
in  the  next  equation,  2 

*  -  l-|~sl00  (Z)  <*>  §■ 

where  ZP(cm)  is  the  theoretical 
running  distance  and  ZP±  AP  (m) 
is  the  distance  actually  measured. 

When  the  position  of  the  center 
of  gravity  moves  forward  and  back¬ 
ward,  the  slippage  ratio  shows 
minor  variations  on  fields  with 
soft  ground  such  as  paddy  fields, 
but  when  the  C.G.  is  situated  far 
from  the  X-X  axis,  the  value  of 
*>  become  larger  on  a  hard  sur¬ 
face  (Fig. 6). 

Fig. 6  Forward  slippage  ratio  In 
relation  to  . 
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Due  to  differences  in  the  value  of  iy  between  the  right  and 
left  crawlers,  the  vehicle  makes  a  left  or  right  curve.  When 
the  value  of  *r  of  the  right  crawler  is  larger  than  that  of  the 
left  crawler,  the  vehicle  turns  to  the  left  (Fig. 8). 

The  forward  slippage  of  the  crawler  is  affected  by  the  per¬ 
formance  of  the. vehicle  on  the  road  bed  Including  the  shearing 
stress  *  kPatkgf/cm7)  which  may  be  determined  by  the  next  equa- 
t  ion . 

f-C+4tan*  (5) 

where  C  is  the  coefficient  of  cohesion  of  soil  kPa ikgf /cm7),  ♦ 
is  the  angle  of  friction  of  soil  and  6  is  the  ground  contact 
pressure  of  the  vehicle,  the  average  value  being  15kPa  (0 . 15kgf 
/cm7).  The  smaller  the  value  of  r  ,  the  larger  the  forward  slip¬ 
page  when  the  performance  on  soil  is  compared  (Fig. 9). 


Kl.j.'l  Relationship  between  mean 
forward  slippage  ratio  »F  and 
shearing  stress  r  of  soli. 

Power  requirement  in  straight  drive 

The  power  requirement  of  the  tested  vehicle (J .T. combine : 
weight,  640kg)  varies  depending  on  the  coefficient  of  running 
resistance  «<  of  the  crawler.  For  example  the  value  of  «  was 


Fiq.10  Power  rrgolrwnent  of  J  .T.  i  otnb I  nc 
In  straight  drive. 
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equal  to  0. 11*10  on  a  hard  road  bed,  while  x  was  equal  to 
0.21»l(j  on  upland  fields.  This  value  can  be  calculated  by  the 
following  equation  (Fig. 10). 

N  -  x  g-G  V  (6) 

where  N  (kU)  is  the  power  requirement  of  the  crawlers,  g  is 
equal  to  9.8m/s,  G  (kg)  is  the  weight  of  the  vehicles  and  V 
(m/s)  is  the  speed  in  straight  drive. 

The  power  requirement  on  a  concrete  road  Nt (kW)  and  on  upland 
fields  N?(kW)  Is  shown  in  the  equation. 

Ni-  0.69V  ,  N?-  1.32V  (7) 

The  power  requirement  of  the  right  crawler  Increases,  while 
that  of  the  left  crawler  decreases,  when  the  position  of  the 
C.G.  shifts  to  the  right  (Fig. 11). 

When  the  position  of  the  C.G.  shifts  forward  or  backward, 
the  power  requirement  increases  slightly  more  than  when  the 
C.G.  is  located  at  the  origin  of  the  coordinate  axis  (Iig. 12). 


riq.n  Power  requirement  of  right  rig. 12  Horsepower  of  crawlers  in 
track  in  relation  to  the  change*  straight  drive  in  relation  to  the 
in  the  position  of  the  center  of  position  of  the  center  of  gravity 
gravity. 


Small  combines  must  turn  frequen*'  to  harvest  rice  in  small¬ 
sized  paddy  fields  as  those  in  Japan.  For  example  the  two-row 
Japanese  type  combine  turns  approximately  seventy  times  to 
harvest  rice  on  paddy  fields,  0. 1 ha (50m* 20m)  in  size,  which 
tend  to  prevail  in  Japan.  Since  the  Japanese  type  combine  has 
to  turn  in  the  comer  of  paddy  fields  with  the  smallest  turn¬ 
ing  radius,  one  of  the  crawlers  is  completely  braked  in  the 
circular  drive. 

The  effect  of  the  position  of  the  center  of  gravity  on  the 
turning  radius,  slippage  of  track  and  the  power  requirement  in 
circular  drive  was  analysed  in  this  report. 

The  position  of  the  center  of  turning  C.T.(T*,T»)  on  the  X-Y 
plane  Indicates  the  value  of  the  turning  radius  of  the  vehicle. 
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The  value  of  Che  C.T. ratio( *« .ly  )  i a  defined  in  Che  following 
equecions  Co  coapara  ic  wich  Che  C.G.racio  (Fig. 13). 


F i<j .  1  J  Circular  drive  of  vehicle. 


Relation  between  the  poaiclon  of  che  C-G.  and  C.T. 

flie  ideal  poaiclon  of  Che  cenCer  of  Cuming  ia  that  corre- 
• ponding  Co  che  cencer  of  che  braked  crack  when  che  vehicle 
curna  wich  one  of  che  crawlera  being  braked  coapletely. 

Actually  che  poaiclon  of  che  cencer  of  turning  correaponda 
Co  Che  diacance  froa  che  cencer  of  che  braked  crack  depending 
on  che  poaiclon  of  the  C.G.  and  the  condition  of  the  fielda 
(Fig.H). 
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riq.14  Mlationahip  between  the  volition  of  the  center  of  gravity 
and  the  center  of  turning. 
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Shift  of  the  center  of  the  gravity  In  front  or  behind  the  X-X 
ax  on  bttwin  (>  ina  |>  ) 

When  the  center  of  gravity  la  situated  in  front  or  behind  the 
X-X  axis,  the  center  of  turning  is  also  sltueted  in  front  or 
behind  the  X-X  exla  respectively,  regardless  of  the  conditions 
of  the  road  bed.  The  relationship  between  the  value  of  fr  and 
V  i a  shown  in  the  next  equation  (Fig-15). 

*y-  ty+  2.5  (8) 

When  the  center  of  gravity  shifts  forward  and  backward,  the 
center  of  turning  shifts  to  the  right  or  the  left,  along  with 
shifting  forward  or  backward.  The  value  of  Increases  when 
the  value  of  soil  hardness  decreases. 

The  value  of  s*  is  maximum  when  that  of  |y  ranges  from  0  to 
10Z.  When  the  center  of  gravity  is  situated  near  the  center  of 
the  crawlers,  the  center  of  turning  may  be  at  a  distance  from 
the  Y-Y  axis.  But  when  the  center  of  gravity  is  distant  from 
the  X-X  axis,  the  center  of  eurning  comes  close  to  the  Y-Y 
axis  (Fig. 16). 


PI?. IS  Center  of  turning  ratio  yy 
In  relation  to  the  center  of  gravity 
ratio  (y 
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Lateral  displaces* nt  of  the  canter  of  gravity  to  the  right  or 
left (delation  between  t«  and  i  ) 

When  eh*  center  of  gravity  aoves  horizontally,  tha  position 
of  tha  cantar  of  turning  changes  considerably  depending  on  the 
conditions  of  the  soil  or  road  bed.  The  center  of  turning  be - 
coses  distant  froa  the  Y-Y  axis,  whan  the  vehicle  runs  on  soft 
ground,  where  slippage  is  likely  to  occur.  The  value  of  in  be- 
cones  larger  in  proportion  to  the  shift  of  the  center  of  gravi¬ 
ty  froa  the  center  of  the  braked  crawler,  particularly  when 
the  vehicle  runs  on  paddy  fields  (Fig. 17).  The  value  of  Sy  is 
not  appreciably  large,  ranging  froa  -10X  to  10Z,  and  the  val¬ 
ues  of  {«  and  <iy  may  change  independently  (Fig.  18). 


Pig . 1 7  Center  of  turning  ratio  S* 

In  relation  to  the  ce.nter  of  gravity 
rat lo  t ,  . 
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rig. 18  Center  of  turning  ratio  ty 
In  relation  to  the  center  of  gravity 
ratio  i,  . 
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The  slippage  of  the  track 

The  changes  in  the  position  of  the  center  of  turning  were 
analysed  to  develop  a  method  to  enable  to  evaluate  the  mobili¬ 
ty  or  the  turning  performance  of  the  track,  and  relationships 
between  the  changes  of  the  position  of  the  center  of  gravity 
and  of  the  center  of  turning  could  be  demonstrated.  However 
the  turning  performance  of  a  vehicle  does  not  depend  solely 
upon  the  position  of  the  center  of  turning. 

As  shown  in  Fig. 13.  both  the  driving  crawler  and  the  braked 
crawler  are  describing  circles  when  slipping  on  the  soil. 

The  turning  radius  R.(m)  of  the  braked  crawler  is  defined  by 
the  length  or  a  perpendicular  line  joining  the  center  of  turn¬ 
ing  to  the  center  line  of  the  braked  crawler,  and  the  turning 
radius  R0(m)  of  the  driving  crawler  may  be  expressed  as  R*  +  B 
(m).  The  number  of  lug-marks  (n)  of  the  driving  crawler  in  one 
circle  multiplied  by  the  pitch  of  the  lug  P  (m)  is  the  theo¬ 
retical  turning  circle  of  the  driving  crawler  as  defined  in 
the  equation. 

n-P  -  2»(R*  +  B)  +  So  (9) 

where  So (m)  is  the  amount  of  slippage  of  the  driving  crawler 
in  a  circle. 


The  amount  of  slippage  of  the  braked  crawler  SB (m)  and  of 
the  driving  crawler  So (»)  in  a  circle  may  be  determined  and 
expressed  in  the  next  equations: 

S.  -  2*R0  .  So  -  2*R,  (10) 

where  Ro(m)  is  the  assumed  slippage  radius  of  the  driving 
crawler. 

The  slippage  ratio  of  the  m  _  c  -_•*  .# 

driving  crawler  *o  end  of  ~  |  O  *  i — T*  r  — 

the  braked  crawler  »s  may  be  !  L  I  •  j  I 

defined  in  the  next  equations:  p  |  \  -U  _ 
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Relation  between  the  posi¬ 
tion  of  the  center  of  gravi¬ 
ty  and  the  slippage  of  the 
crawler 

Slippage  Increases  with 
the  softness  of  the  field 
ground  or  road  bed.  The 
slippage  of  the  crawler  is 
particularly  significant, 
when  the  center  of  gravity 
shows  a  lateral  displacement 
to  the  right  or  left  from 
the  center  line  of  the  two 
crawlers,  hence  the  slippage 
of  the  unloaded  crawler  is 
larger  than  that  of  the 
loaded  crawler.  For  example, 
the  value  of  the  slippage 
ratio  of  the  braked  crawler 
»•  is  equal  to  10X  and  »o 
is  25X  for  a  C.C. ratio  f* 
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C.R. ratio  {  „  (»> 

P19.  19  Slippage  ratio  of  rrawlara  In 
circular  drive. 

P.r. : paddy  field,  U.T.: upland  field 
and  H.B.  conc  rete  bed,  S:braked  crawl 
and  Didrlvlrtq  crawler. 


of  15Z.  Whan  the  center  of 
gravity  ahifta  to  the  opposite 
side  and  f*  -- 15Z,  the  value 
of  the  slippage  ratio  of  the 
braked  crawler  be cones  as 
large  as  "s  -50Z,  in  spite  of 
the  negligible  amount  of  slip* 
page  of  the  driving  crawler 
and  »d  is  approximately  equal 
to  5Z  when  the  vehicle  runs  on 
paddy  fields  (Fig. 19). 

Forward  and  backward  shifts 
of  the  center  of  gravity  do 
not  affect  appreciably  the 
value  of  the  slippage  ratio 
(Fig. 20). 


Fig. 20  Slippage  ratio  of  crawlers  in 
circular  drive. 


Power  requirement  In  circular  drive 

The  shaft  torque  is  measured  by  placing  a  strain  gauge  on 
the  final  drive  shaft  of  the  track.  The  driving  torque  was 
measured  in  the  driving  crawler  shaft,  and  the  resistance  of 
the  track  was  measured  in  the  braked  crawler  shaft. 

The  conditions  of  the  road  bed  affected  appreciably  the  pow¬ 
er  requirement  in  general,  although  there  were  few  differences 
between  paddy  fie  Ids  (soil  hardness  .-0. 25MPa)  and  upland  fields 
(soil  hardness : 1 . IMPa)  in  the  tests  of  the  J.T. combine. 

The  power  requirement  Increased  with  the  Increase  in  the 
weight  of  the  load  of  the  driving  crawler  (Fig. 21).  The  maxi¬ 
mum  values  of  the  turning  torque  were  recorded  when  the  center 
of  gravity  was  located  near  the  center  of  the  X-X  axis,  that 
is  to  say,  when  (y  ranged  between  0  and  10Z  (Fig. 22). 
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rig. 21  Driving  torque  in  relation  Driving  torque  in  relation 

to  the  center  of  gravity  ratio  f «  .  to  center  of  gravity  ratio  (y  . 
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Track  slippage  and  tractive  power 

TRe  values of  the  driving  torque  of  tha  crack  ara  closaly 
ralatad  to  cha  slippage  of  tha  track.  Tha  vahicla  can  make  a 
circular  drive  with  low  driving  power  on  a  hard  road  bad, 
where  alippaga  of  tha  track  is  negligible.  But  on  a  aoft  and 
slippery  ground  such  aa  that  of  paddy  fields,  the  vehicle  is 
often  unable  to  turn  smoothly,  due  to  the  lack  of  adequate 
turning  torque  associated  with  the  slippage.  When  the  vehicle 
turns  to  the  right,  the  left  crawler  is  the  driving  crawler, 
and  in  this  case,  if  the  center  of  gravity  shifts  to  the  right, 
the  slippage  is  considerable.  As  a  result  the  value  of  Che 
driving  torque  does  not  increase,  and  the  vehicle  can  not  turn 
properly  (Fig. 2 3). 


Sllppaqs  ratio  »D  («) 

Fiq.23  Salat lonahlp  batvaan  tha  allppaqa 
ratio  of  tha  driving  track  and  tha  turning 
torqua,  and  tractive  force. 


CONCLUSION 

The  position  of  the  center  of  gravity  of  the  track- laying 
small  combine  shows  a  wide  range  of  variation  whan  the  vehicle 
runs  on  paddy  fields  for  harvesting  rice.  Therefore  the  rela¬ 
tionship  between  the  position  of  the  center  of  gravity  and  the 
mobility  of  the  track  was  analysed  and  the  following  results 
were  obtained: 


Shift  of  the  center  of  gravity  to  tha  right  or  left: 

1.  Whan  the  canter  of  gravity  is  situated  on  the  Y-Y  axis,  the 
vehicle  may  run  in  a  straight  line. 
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2.  When  the  absolute  value  of  exceeds  10Z,  straight  drive 
performance  becomes  difficult  and  the  vehicle  tends  to  make  a 
curve  to  the  side  where  the  crawler  is  overloaded  on  paddy 
fields.  On  a  hard  aurface,  the  vehicle  makes  a  curve  to  the 
side  where  the  crawler  is  unloaded,  when  the  value  of  ranges 
from  -15Z  to  15Z,  and  the  vehicle  makas  a  curve  to  the  left 
when  the  value  of  fy  exceeds  20Z. 

3.  Forward  slippage  of  the  track  was  observed  in  straight 
drive,  when  the  center  of  gravity  shifted  to  the  left  and 
right.  The  difference  in  slippage  between  the  two  crawlers, 
was  responsible  for  the  lateral  displacement  of  the  vehicle 
in  straight  drive. 

4.  When  the  center  of  gravity  la  located  on  the  right  side, 
the  power  rsqiremcnt  of  the  right  crawler  may  increase,  while 
that  of  the  left  crawler  decreases. 

5.  The  position  of  the  cenrer  of  turning  becomes  distant  from 
the  Y-Y  axis,  when  the  center  of  gravity  becomes  distant  from 
the  braked  crawler. 

6.  The  amount  of  slippage  of  the  unloaded  crawler  is  larger 
than  that  of  the  loaded  crawler. 

7.  The  power  required  for  turning  increases  with  the  weight  of 
the  load  on  the  driving  crawler. 

8.  When  the  center  of  gravity  la  situated  near  the  braked 
crawler,  slippage  of  the  vehicle  is  likely  to  occur  and  the 
vehicle  may  not  be  able  to  turn  properly. 

Shift  of  the  center  of  gravity  forward  or  backward: 

1.  Forward  slippage  of  the  track  of  the  vehicle  occurs  on  a 
hard  surface,  when  the  center  of  gravity  shifts  forward. 

2.  In  straight  drive,  when  the  center  of  gravity  is  situated 
forward  or  backward,  horsepower  of  the  vehicle  is  a  little 
larger  than  when  the  center  of  gravity  is  situated  in  the 
center  of  the  track. 

3.  The  center  of  turning  may  shift  forward  or  backward  along 
with  the  position  of  the  center  of  gravity. 

4.  The  center  of  turning  may  shift  toward  the  Y-Y  axis  when 
the  center  of  gravity  moves  forward  and  backward.  The  distance 
of  the  center  of  turning  from  the  Y-Y  axis  is  maximum,  When 
the  center  of  gravity  is  situated  on  the  X-X  axis. 

5.  There  is  little  difference  in  the  backward  slippage  between 
the  two  crawlers  even  if  the  center  of  gravity  shifts  forward 
or  backward. 

6.  Maximum  values  of  the  turning  torque  are  observed  when  the 
center  of  gravity  is  situated  slightly  in  front  of  the  X-X 

axis. 


NOMENCLATURE 


Ground  contact  area  of  track,  cw1 

Distance  between  the  center  tine  of  the  two  crawlers,  ca 
Coefficient  of  cohesion,  kPa 
Weight  of  tested  vehicle,  kg 
Distance  between  the  center  of  gravity  and  the 
Distance  between  the  center  of  gravity  and  the 
Position  of  the  center  of  gravity,  ca 
Ground  contact  length  of  track,  ca 
Horsepower,  kW 


Y-Y  axis,  ca 
X-X  axis,  ca 
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n  •  Number  of  track  luga  in  one  circle, 

P  •  Pitch  of  luga,  co 

(IP  *  Slippage  of  lug-pitch,  ca 

R  *  Radius  of  curve  in  straight  drive,  o 

Rg  *  Turning  radiua  of  braked  crawler.  ■ 

Ro  *  Aaauaed  slippage  radius  of  driving  crawler,  a 
Si  ■  Length  of  slip  of  braked  crawler  in  one  circle,  o 
So  •  Length  of  slip  of  driving  crawler  in  one  circle,  a 
T>  •  Distance  between  the  center  of  turning  and  the  Y-Y  axis,  ca 
Ty  •  Distance  between  the  center  of  turning  and  the  X-X  axis,  cm 
V  •  Speed  of  vehicle,  a/s 
W  •  Width  of  track,  ca 

i  ■  Cround  bearing  contact  pressure,  kPa 
,  Yy  "  Center  of  turning  ratio,  Z 
M  *  Coefficient  of  running  resistance, 

't  *  Slippage  ratio  of  braked  crawler,  Z 
ep  *  Slippage  ratio  of  driving  crawler,  Z 
'*  *  Forward  slippage  ratio,  Z 
t«,(y ,1*  •  Center  of  gravity  ratio,  Z 
0  -  Curve  radiua  ratio,  Z 
r  •  Shearing  stress,  kPa 
•  •  Angle  of  friction,  * 


t 
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THE  8TRES3-STRAIN-TIME  GRAPH  07  RHEOLOGICAL  SOILS  AND 
ITS  APPLICATION 
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f- 

The  Burgers  nodal  (Pig.f)  and  ita  aodifiad  fora 
ha to  generally  boon  conaidarad  aa  tha  rheological 
nodal  of  clayey  aolla  alnoa  1950* a  through 
taata  and  analyses  (A-***).'  Tha  corresponding 
rhaologieal  aquation  ia 

r=r(1J-  +  -i-(i-e*t/T)  +-J-] 

where  7  -  strain 

T -  atrass 

0. ,  G  -  aoduli  of  elasticity 
a  ,  q  -  coafficianta  of  viscosity 

1  T  -  retardation  tina  of  ?oigt  body,  T-J/g  Pig.l 

Six  sanplas  of  paddy  soils  fron  four  provinces  in  8outh 
China  have  baan  oollaetad  and  tested.  Tha  Burgara  nodal  ia 
aeeaptad  aa  tha  ganaral  nodal  of  thaaa  clayey  soils.  By 
naans  of  orthogonal  taata  and  variance  analyses,  it  fa"— 
found  that  tha  affact  of  soil  conditions  (naohanieal  7 

composition,  water  eontant,  bulk  danaity)  on  rhaologieal 
paranatars  G.  ,  G,q,andq  ia  particularly  significant, 
while  that  of  load  conditions  (load  value, 
ahapa  and  aisa  of  bearing  surface)  ia  not 
significant  (B-11).  Tha  rhaologieal  pare- 
neters,  therefore,  are  constants  for  tha 
sane  soil  conditions.  Baaed  on  tha  recorded 
rhaologieal  curves  (Pig. 2)  of  the  aoil  and 
tha  calculated  values  of  rhaologieal 
parameters,  sufficient  data  are  obtained  for 
predicting  tha  ainkage  of  vahiolas  or  tha 
resistance  against  soil-cutting  alaaanta 
and  iap roving  their  performance.  Pig. 2 

According  to  the  above  atataaant,  tha  stress-strain-tine 
graph  (Pig. 5)  of  tha  rhaologieal  aoil  characterised  by  tha 
elayay  paddy  soils  in  South  China  with  definite  soil 
conditions  will  be  established  aa  follows: 

When  tha  atrass  ia  constant,  tha  rheological  curve  of  tha 
soil  nantionad  above  is  shown  as  in  Pig.2. 

When  tha  stress  is  kept  within  a  certain  lisit,  such  as 
fron  %  toy,  ,  a  rhaologieal  surface  (Pig. 3)  is  generated 


'Professor,  Department  of  Agricultural  Mechanisation, 
Jiangsu  Institute  of  Technology,  Zhenjiang,  Jiangsu, 
People's  Republic  of  China. 


by  the  rheological  curves  in  a  three-dimensional 
stree-strain-time  space.  All  tba  stresa-atrain-tiae 
ralationa  that  may  happen  can  ba  dafinad  on  thia  surface. 

Thus,  tba  author  propoaas  that  this  graph  ba  naaad  tba 
stress-strain-time  graph  of  tha  rheological  soils* 

Fig. 3  shows: 

(1)  Whan  tha  tiaa  t  ia  constant  and  is  equal  to  Tj“t.  (•(>), 
t,,  t»  ...t.  successively,  tha  projections  of  tha  linas  of 
intersection  of  tha  rheological  aurfaoa  with  tha 
corrasponding  planes  parallel  to  tha  coordinate  plana  y-T 
on  this  plana  fora  a  family  of  radiating  straight  linas 
with  tha  origin  at  0  (Fig. 4).  These  straight  lines  are 
suggested  to  ba  naaad  as  iso-time  linas.  It  tha  saaa 
instant  tj  ,  the  y-T  relationship  is  linear.  Tha  larger  is 
tha  value  of  tj  ( j-1 ,2,3. . .n) ,  tha  greater  is  the  slope  of 
tha  atraght  line. 


Fig. 4  Fig.5 

(2)  Whan  tha  stressTis  constant  and  is  equal  tot>-T.,T,, 

T, successively,  tha  projections  of  tha  linas  of 
intersection  of  the  rheological  surface  with  tha 
corresponding  planes  parallel  to  tha  coordinate  plana  f-r 
on  this  plana  fora  a  family  of  curved  linas  (Fig. 5).  These 
curved  lines,  generally  known  as  creep  curves,  are 
suggested  to  ba  naaad  as  iso-stress  lines.  For  any  constant 
stress,  tha  strain  increases  with  tiaa. 

(3)  When  tha  strain  T  is  constant  and  is  equal  to  V«*r„y„rr 
r.  successively,  tha  projections  of  the  lines  of  intsr- 
section  of  rheological  surface  with  the  corresponding 


plan**  parallel  to  th*  coordinate  plana  t-t  on  this  plan* 
for*  a  family  of  curved  lin**  (fig. 6).  Th***  curved  lines, 
generally  known  a*  *tr**a  relaxation  curves,  ar*  suggested 
to  b*  named  a*  lao-*train  lines,  for  the  same  atain,  the 

etreas  decreases  as  time  increases. 

Consequently,  it  Is  postulated i 

(1)  Th*  angle  arctan  (r;j  /  ti  ) 

(i-1 ,2,3...n)  increases  as  th* 
time  t,  ( j -1 ,2,3. . .n)  increases 
(fig. 4).  Therefore,  when 
vehicles  ar*  being  driven  on 
rheologioal  soils,  th*  effect  of 
load  (stress)  on  sinkag*  (strain) 
increases  with  time. 

Since  th*  resistance  inereses 
with  sinkag*,  or  even  it  would 
belly  out  vehicles,  the  time 
of  loading  should  be  kept 
short  in  order  to  diminish 
sinkag*,  that  is  to  say,  high 
speed  should  be  kept. 

However ,  the  increasing  rat* 
of  th*  angle  arctan  (Yij  /T,) 
decreases  with  th*  time  tj  .  Therefore,  th*  effect  of 
raising  vehicle  speed  is  significant  for  th*  purpose  of 
diminishing  sinkag*  for  a  high-speed  vehicle  la  small  value 
of  tj  ),  while  for  a  low-speed  vehicle  (a  large  value  of  tj  ) 
it  is  not  so  significant. 

(2)  When  th*  srain  r.  has  a  comparatively  high  value,  th* 
slop*  of  tangent  lines  at  th*  point  os  the  Iso-strain  curve 
varies  drastically.  Zn  th*  beginning,  th*  stress  t,  drops 
rapidly  as  th*  time  t,  increases.  After  th*  tin*  tj  reaches 
a  certain  value  corresponding  to  point  C  in  fig.6,  th* 
stress  ?.  decreases  steadily.  In  order  to  attain  a  definite 
strain  r.  (f-i ,2,3«..n)  within  a  deficits  time,  all  values 
of  tj  corresponding  to  point  C's  ar*  recommended  if  th* 
time  limitation  is  not  too  striot.  This  may  be  of  some 

us*  for  th*  determination  of  th*  speed  of  th*  plow,  harrow 
or  bulldoser,  on  aeeount  of  th*  fact  that  the  reaistane* 
drop*  greatly  as  oompared  with  high-speed  implements 
while  th*  speed  can  still  be  kept  at  a  reasonab*  value  for 
the  time  being. 

from  this  point  of  view,  if  an  obvious  resistane*  drop,  and 
therefore  an  obvious  economy  of  easrgy  resources,  is  needed, 
the  speed  of  high-speed  plows  should  not  exceed  too  much 
those  values  corresponding  to  point  C's. 


When  th*  stran  r,  has  a  small  value  (such  as  Y,  in  fig.6), 
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for  instance,  as  a  b\ lldocer  is  pushing  hard  soils,  ths 
rssistancs  drops  greatly  with  ths  dsorsasing  spssd.  But 
thsrs  is  a  limit.  Whan  ths  spssd  drops  to  a  point  corres- 
ponding  to  point  0  (Tig. 6),  a  furthsr  drop  in  spssd  will 
gi*a  no  hslp  to  ths  rssistancs  drop.  "t,  is  ths  strsss 
corrsponding  to  ths  lsast  rssistancs. 

Ths  author  sincerely  hopss  that  this  graph  would  bs  ussful 
to  reveal  something  that  is  intsrssting  in  tilings  and 
traction.  Any  coaasnts  and  suggestions  will  bs  deeply 
appreciated. 
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INTRODUCTION 


1 

Wheal •  with  a  narrow  rim  and  large  lugs  are  widely  used  in  Southeast  Asia 
on  tractors  for  paddy  fields.  The  lugs  of  these  wheels  perform  one  or  both 
of  the  following  two  functions :  developing  tractive  effort  and  supporting 
vehicle  weight.  A  great  deal  of  field  data  on  the  performance  of  these 
wheels  have  been  accumulated  over  the  years.  The  mechanics  of  this  type 
of  wheel,  however,  has  not  yet  been  fully  elucidated.  To  reach  a  better 
understanding  of  the  physical  nature  of  the  problem,  an  investigation  into 
the  interaction  between  the  lugs  of  the  wheel  and  the  soil  was  carried  out.^, 

Experiments  were  conducted  in  a  glass-sided  box  in  which  model  wheels, 
with  different  number  of  lugs  at  various  angles  to  the  wheel  radius,  were 
driven  at  varying  slips  close  up  against  a  glass  plate.  The  nature  of  soil 
Dow  and  deformation  under  the  action  of  the  lugs  were  then  photographed 
through  the  glass. 


The  characteristics  of  the  flow  patterns  and  deformation  of  a  dry  sand  and  a 
clay  under  the  action  of  the  lugs  of  the  model  wheels  are  presented.  The 
boundaries  of  the  failure  zones  In  the  soil  and  the  trajectories  of  soil 
particles  are  identified.  It  is  believed  that  the  results  of  this  investigation 
will  provide  a  basis  upon  which  an  improved  method  for  predicting  the  per¬ 
formance  of  this  type  of  wheel  can  be  developed. 


APPARATUS  AND  EXPERIMENTAL  METHODS 


Several  techniques,  including  the  photographic  and  x-ray  techniques,  may 
be  used  to  investigate  the  soil  flow  and  deformation  under  the  action  of  the 
lugs  of  a  wheel.  The  photographic  technique  has  been  successfully  used  in 
examining  soil  behaviour  beneath  rigid  wheels  11),  and  is  therefore  employed 
in  this  study. 


Experiments  were  conducted  in  a  glass-sided  box  in  which  the  model  wheal  was 
driven  at  varying  slips  close  up  against  a  glass  plate,  as  shown  in  Fig.  1. 
The  flow  patterns  and  deformation  of  the  soil  were  then  photographed 
through  the  glass.  The  wheel  was  pulled  along  the  box  by  means  of  a  cable 
connected  to  a  hydraulic  ram.  Various  slips  were  obtained  by  anchoring  one 
and  of  a  cable  wrapped  around  two  pulleys  with  appropriate  diameters  fixed 
on  either  side  of  the  model  wheel .  The  radius  of  the  pulley  determined  the 
rolling  radius  of  the  wheel  and  thus  controlled  its  slip.  The  wheel  was 
operated  at  constant  slnkege  using  a  horizontal  guide  for  the  wheel  axle. 

The  experimental  method  employed  in  this  study  Is  essentially  the  same  as 
that  described  in  reference  ( 1 1 . 

The  andel  wheel  rim  had  a  diameter  of  27  cm  and  a  width  of  4  cm.  Various 
numbers  of  lugs,  of  M  cm  wide  and  4.5  cm  long,  were  flitted  to  the  rim 
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at  different  angles  to  the  wheel  radius  (Fig.  1). 

In  the  experiments  for  determining  the  flow  patterns  of  soil  under  the  action 
of  the  lugs,  the  box  was  held  stationary  and  the  wheel  moved.  The  lugs  of 
the  moving  wheel  caused  soil  movements  within  certain  tones.  In  sand, 
these  movements  can  be  clearly  observed  in  a  photograph  taken  by  a  fixed 
camera.  In  the  resulting  film,  the  stationary  soil  mass  not  affected  by  the 
lugs  shows  up  as  individual  grains  with  sharp  Images  while  the  grains 
influenced  by  the  lugs  move  and  appear  as  streaks.  The  boundaries  of  the 
flow  zones  can,  therefore,  easily  be  identified  and  the  streaks  give  a  clear 
picture  of  the  movements  of  the  sand  under  the  action  of  the  lugs. 

In  clay,  the  particle  size  is  too  small  to  be  identified.  Therefore,  a  number 
of  white  round  dots,  1.2  mm  in  diameter,  were  marked  on  the  vertical  face  of 
the  clay  before  fitting  the  glass  plate  on  to  the  soil  box.  These  were  made 
by  blowing  white  powder  through  holes  in  a  plastic  plate  on  to  the  clay  sur¬ 
face.  The  distance  between  the  dots  was  S  mm  in  both  directions.  When  the 
wheel  was  moving  in  a  steady- state  condition,  photographs  were  taken  with 
a  fixed  camera.  In  the  resulting  film,  the  movements  of  clay  particles  can  bo 
identified  from  the  streaks  made  by  the  white  dots. 

The  sand  used  in  the  experiments  was  dry,  round  particle,  Ottawa  sand.  It 
was  in  a  dense  condition  (1.52  g/cm*)  for  which  the  angle  of  internal 
shearing  resistance  was  29°  and  the  angle  of  interface  friction  between  the 
sand  and  the  steel  used  for  the  lugs  was  10°.  The  clay  used  had  a  density 
of  1 . M  g/cm',  a  moisture  content  of  37.51,  and  a  cohesion  of  1.96  kPa .  The 
angle  of  internal  shearing  resistance  was  about  *°  and  the  angle  of  interface 
friction  with  the  steel  used  for  the  lugs  was  approximately  1.5°. 

FLOW  PATTERNS  IN  SAND 

The  flow  patterns  in  sand  under  lugged  wheels  with  1,  9,  and  12  lugs  are 
shown  in  Figs.  2.  3,  and  t,  respectively.  The  wheels  were  driven  at  the 
same  slip  of  281.  and  the  angle  between  the  lugs  and  wheel  radius  (usually 
referred  to  as  "lug  angle")  was  set  at  30°.  It  should  be  pointed  out  that 
when  the  wheel  moves,  the  lugs  on  the  wheel,  such  as  OA,  are  rotating  about 
an  instantaneous  centre  located  on  a  vertical  line  passing  through  the  wheel 
centre. 

The  flow  pattern  beneath  a  wheel  with  a  single  lug,  shown  in  Fig.  2,  appears 
to  be  similar  to  that  in  front  of  a  soil  cutting  blade  with  the  appropriate  rake 
angle  translating  in  the  horizontal  direction,  as  reported  by  Hettiaratchi  and 
Reece  (21(3).  The  failure  zone  appears  to  consist  of  an  interface  tone,  a 
transition  zone,  and  a  Rankine  passive  zone .  The  lower  boundary  of  the 
failure  tone  is  identified  by  the  dotted  line  shown  in  Fig.  2. 

The  flow  pettern  under  a  wheel  with  multiple  lugs,  shown  in  Figs.  3  end  9, 
is,  however,  quite  different  from  that  under  a  wheel  with  a  single  lug  shown 
in  Fig.  2.  Since  part  of  the  soil  mass  has  been  excavated  by  the  preceding 
lug,  a  cavity  is  formed  between  BC  and  the  lug.  As  a  result,  the  free  soil 
surface  OCB  is  no  longer  horizontal.  The  failure  pattern  appears  to  consist 
of  an  interface  tone  ad  (scent  to  the  lug  and  a  transition  tons.  The  Rankins 
passive  tone  does  not  appear  in  the  flow  pattern  under  a  wheel  with  multiple 
lugs.  Based  on  these  observations,  it  appears  that  the  interaction  between  a 
lug  on  a  wheal  with  multiple  lugs  and  soil  la  different  from  that  between  a  soil 
cutting  blade  and  a  seed-infinite  aoN  awes  with  a  horfcontal  free  surface. 

This  also  Indicates  that  the  results  of  the  analysis  of  passive  soil  resistance 


obtained  for  a  ctructure  translating  in  a  semi-infinite  soil  mast,  such  as 
those  presented  in  reference  ( 2) #  may  not  be  directly  applicable  to  the  cal¬ 
culation  of  the  interacting  forces  between  a  wheel  with  multiple  lugs  and  soil, 
and  that  a  new  method  has  to  be  specifically  developed  for  this  purpose. 

Fig.  S  shows  a  comparison  of  the  soil  mast  affected  by  wheels  with  l,  9,  and 
12  lugs  for  a  given  slip.  It  is  shown  that  other  conditions  being  equal,  the 
amount  of  soil  mass  interacting  with  a  lug  decreases  with  the  incroese  of  the 
number  of  lugs  on  a  wheel.  Consequently,  it  can  be  expected  that  the  mag 
nitude  of  the  forces  acting  on  each  lug  decreases  with  the  Increase  of  the 
number  of  lugs  on  a  wheel . 

Fig.  i  shows  the  flow  pattern  under  a  wheel  with  9  lugs  and  30*  lug  angle  at 
a  wheel  slip  of  M%.  In  comparison  with  the  flow  pattern  at  a  wheel  slip  of 
28%  shown  in  Fig.  3.  It  can  be  seen  that  as  the  wheel  slip  increases,  the  soil 
mass  excavated  by  the  preceding  lug  and  hence  the  site  of  the  cavity 
increase.  Consequently,  the  amount  of  soil  mass  interacting  with  each  lug 
decreases  with  the  increase  of  wheel  slip.  This  indicates  that  the  magni¬ 
tude  of  the  forces  acting  on  each  lug  may  decrease  with  the  increase  of 
wheel  slip.  Fig.  7  shows  a  comparison  of  the  failure  zones  of  a  wheel  with  9 
lugs  and  30*  lug  angle  at  three  different  slips  of  28%,  52%  and  88%.  The 
decrease  in  the  size  of  the  failure  zone  with  the  increase  in  wheel  slip  may 
explain  why  the  total  tractive  effort  of  a  lugged  wheel  does  not  Increase 
continuously  with  the  increase  of  wheel  slip,  rather  it  decreases  beyond  a 
certain  wheel  slip.  This  phenomenon  has  been  frequently  observed  in  field 
testing  of  lugged  wheels. 

Fig.  8  shows  a  comparison  of  the  flow  patterns  beneath  wheels  having  9  lugs 
with  lug  angles  of  15*  and  30*.  It  can  be  seen  that  the  lug  angle  has  some 
influence  on  the  flow  patterns  end  hence  the  performance  of  a  lugged  wheel . 

Fig.  9  shows  the  flow  patterns  of  sand  un.'c -  lug  at  different  angular  posi¬ 
tions.  The  variation  of  the  flow  pattern  *<’  ’lie  angular  position  of  the  lug 
indicates  that  the  forces  acting  on  the  lug  are  expected  to  fluctuate  as  the 
wheel  rotates.  This  implies  that  the  torque  input,  tractive  effort,  lift  force, 
and  motion  resistance  of  a  lugged  wheel  will  vary  periodically  as  the  wheel 
moves  forward.  This  is  also  consistent  with  field  observations. 

FLOW  PATTERNS  IN  CLAY 

The  flow  patterns  in  clay  beneath  wheels  with  1  and  9  lugs  are  shown  in 
Figs.  18  and  II.  respectively.  The  wheels  were  driven  at  the  same  slip  of 
28%,  and  lug  angle  wee  eat  at  30*.  The  existence  of  a  soil  wedge  adjacent  to 
the  lug  In  both  cases  can  be  noted  from  Figs.  12  and  13.  The  trajectories  of 
clay  particles  i  mated  lately  under  the  lug  and  those  at  a  distance  away  from 
the  lug  for  wheals  with  1  and  9  lugs  are  shown  In  Figs.  18  and  15,  respec¬ 
tively.  From  these  figures.  It  can  be  seen  that  for  a  wheal  with  a  single  lug, 
the  flow  pattern  seems  to  consist  of  an  interface  zone  (soil  wedge),  a  tran¬ 
sition  zone  bounded  by  a  section  of  a  circle  and  a  Rank  in  e  passive  zone.  For 
a  wheel  with  aiuttlpte  lugs,  however,  part  of  the  soil  mass  has  been  excavated 
by  the  preceding  lug  and  a  cavity  Is  formed.  As  a  result,  the  free  soli  sur¬ 
face  Is  no  longer  horizontal .  The  Ranh  Ins  passive  zone  dees  not  appear  in 
the  failure  pattern  under  a  wheel  with  multiple  lugs. 

The  flow  patterns  under  a  wheel  with  9  lugs  and  lug  angle  of  30*  at  various 
angular  positions  are  shown  in  Fig.  18.  This  indicates  that  the  failure 
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patterns  in  clay  also  vary  with  the  angular  position  of  the  lug,  similar  to 
those  in  sand  shown  in  Fig.  9.  Fig.  17  shows  how  the  deformation  of  the 
day  develops  under  the  lug  as  the  wheel  rotates. 

It  should  be  pointed  out  that  the  shape  and  site  of  the  cavity,  formed  as  a 
result  of  the  excavation  of  a  certain  amount  of  soil  mass  by  the  lug,  are  of 
interest,  as  they  affect  the  amount  of  soil  mss  Interacting  with  the  following 
lug,  hence  the  interacting  forces.  In  the  past,  the  shape  and  size  of  the 
cavity  were  predicted  based  on  the  assumption  that  the  kinematics  of  lug  - 
soil  interaction  is  analogous  to  that  of  a  rack  and  pinion,  neglecting  the 
actual  behaviour  of  the  soil  and  the  influence  on  soil  deformation  by  adjacent 
lugs.  Figs.  It  and  19  show  the  actual  site  and  shape  of  the  cavity  as 
compared  with  those  predicted  by  kinematic  analysis  in  sand  and  clay, 
respectively.  It  can  be  seen  that  there  is  a  noticeable  difference  between 
them,  particularly  the  shape  of  the  leading  part  of  the  cavity,  CD.  This  is 
because  CD  is  affected  by  the  deformation  and  movement  of  the  soil  mss 
under  the  action  of  the  ed|acent  lug. 

It  has  been  reported  in  the  literature  that  under  a  thick  lug  there  is  a 
noticeable  forward  flow  tone.  In  this  study,  it  has  bean  observed,  however, 
that  the  soil  beneath  a  thin  lug  normally  flows  in  tha  same  direction  of  wheel 
rotation;  except  for  a  short  period  of  tiM  immediately  after  the  lug  tip  comes 
into  con  tec  t  with  the  soil  surface,  during  which  the  soil  mss  within  a  smII 
tone  in  front  of  the  lug  flows  forward. 

CONCLUSIONS 


1 .  The  interaction  between  a  lug  an  a  wheel  with  multiple  lugs  and  soil  Is 
shown  to  be  different  from  that  between  a  cutting  blade  (or  a  retaining  wall) 
and  a  semi-infinite  soil  mss  with  a  horizontal  free  surface.  Tha  soil 
excavated  by  the  preceding  lug  creates  a  cavity.  As  a  result  the  soil  mss 
interacting  with  the  following  lug  no  longer  has  a  horizontal  free  soil  surface. 
Consequently,  the  results  of  the  analysis  of  passive  soil  resistance  obtained 
for  a  structure  translating  In  a  semi-infinite  soil  mss  My  not  be  directly 
applicable  to  the  calculation  of  the  Interacting  forces  between  tha  lugs  of  a 
wheel  and  soil.  It  appears  that  a  new  Mthod  has  to  be  specifically  developed 
for  this  purpose. 


2.  It  is  shown  that  the  failure  patterns  in  soil  under  the  action  of  a  lugged 
wheel  vary  with  the  number  of  lugs,  lug  angle,  and  wheal  slip.  It  appears 
that  there  is  a  close  relationship  between  the  failure  patterns  of  soil  under 
the  lugs  of  a  wheal  and  its  perforMnce.  A  number  of  field  observations  of 
tha  performance  of  the  lugged  wheel  can  be  directly  related  to  the  charac¬ 
teristics  of  soil  flow  and  defonaation  described  in  this  study.  This  indicates 
that  an  Improved  method  for  predicting  the  perforMnce  of  a  lugged  wheel 
should  be  developed  based  on  tha  knowledge  of  soil  failure  beneath  M . 
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ABSTRACT  i 

-  A 

Tha  analog  prediction  ayatan  davalopad  and  invaatigatad  by  R.  L.  Schafar  j 

and  C.  A.  Raavaa  was  usad  for  prsdictlng  torqus  on  rotary  blada.  | 

Tbraa  aisas  of  rotary  bladaa  with  a  similar  configuration  and  const  as  » 

an  analog  tool  wars  choaan  to  ba  in  ratios  of  I  :  I ,  I  t  1.2)  and  I  :  I 

1.61  ralativa  to  tha  smallest  sisa.  Tha  largaat  blada  that  is  on  tha  * 

aarkat  and  two  other  bladaa  wars  called  prototype.  If—  I  blede  and  H-2  j 

blada  raspactivaly. 

Tasta  ware  run  in  silt  soil  at  three  moisture  lava  la;  MCI (21.31),  MC2  > 

(28. SX)  and  MC3(33.8X).  Tha  tillage  teat  was  designed  to  run  in  three 
levels  of  depth  and  in  cna  level  of  forward  speed  and  peripheral  apeed 
of  blade.  A  Movable  soil  bin  with  stationary  rotary  tillage  device  waa 
uaed.  Soil  fitting  procedure  waa  conducted  nainly  by  hand  with  a  scoop, 
a  leveler  and  a  patting  tool  before  each  teat.  The  cooes  were  penetrated 
vertically  downward  into  tha  soil  at  a  apeed  of  5.5  an/ 8  by  naans  of  a 
hydraulic  cylinder.  Torque  on  rotary  blade,  cone  penetration  force, 
depth  etc.  were  nsaaured  and  the  average  torque  fron  three  repetition 
testa  and  the  average  penetration  force  fron  soil  surface  to  each  corre¬ 
sponding  scaled  depth  were  calculated. 

Through  tha  data  analyaia,  the  following  reaulta  were  obtained.  The  aver¬ 
age  prediction  rrors  in  the  absolute  value  were  13.69  X  for  M-l  blede 
and  26.57  X  for  M-2  blade.  There  waa  a  tendency  that  the  prediction 
accuracy  decreased  in  the  a hallow  sons.  The  adoption  of  the  average  cone 
penetration  force  was  effective  in  tha  prediction. 


umPPOCTlOH 

Performances  of  prototype  in  soil-machine  systems  have  been  Investigated 
end  predicted  by  seal a  model  data  using  similitude  theory.  However,  a 
satisfactory  prediction  is  not  attained  eapeclatly  in  coamon  soil  con- 
ditioaa  where  distortions  occur,  since  present  knowledge  of  aoil-machiae 
interactions  is  ns  agar . 

Tha  objective  of  this  study  is  to  Investigate  the  usefulness  or  feasibili¬ 
ty  of  an  analog  for  predicting  torques  on  rotary  blades  which  bring 
about  a  considerable  high  speed  interaction.  An  analog  prediction  tech¬ 
nique  developed  by  Schafer  at  al.  was  used,  The  technique  is  based  on 
the  aquation  (I).  7^-^  ^  _ _ 

6  ■  R  /  fe  ■  n*  .  (I) 


where  1  and  Rn  are  the  forces  on  tbs  prototype  and  nodal  respectively, 
a  is  length  scale  and  a  is  an  exponent  for  a  particular  soil -machine 
ayatan. 


AMALYtlS  Of  THK  PMDICTIOP  WOTM 


Tba  (ollovioi  aquation*  aara  aasunad  aa  to  tba  force-sise  relatione  whan 
a  aariaa  of  rotary  blades  and  coses  with  peonetrically  similar  configura¬ 
tion*  ara  operated  in  tba  a ana  toil. 

r  •  fVf . (2) 

P  *  p*o**  . . (J) 

wbara, 

f  •  fore#  to  prototype  bind a 

f  -  forca  to  nodal  blada 

P  ■  forca  to  the  largest  cone 

p  •  forca  to  othar  conaa 

n  "  length  scale  sad 

■f.  *p  "  exponents  for  both  syatane 


In  this  study,  aa  torques  ara  to  be  predicted, 

T/L  -  (t/1)  n-< . (4) 

where, 

T  >  torque  on  prototype 
t  >  torque  on  nodal 

L  -  a  representative  length  of  prototype 
t  •  a  representative  length  of  nodal 

Equation  (4)  can  be  written  as, 

T  -  f*'**1  . (3) 

oc  . 

T  »  t«n  *  . . . . . (g) 

where,  st  ■  sf  ♦  I  . 

Por  equal  values  of  a,  equations  (6)  and  (3)  can  be  conbined  to  gat 

T  -  fp'*^  '.p***?”1  . (7) 

or, 

T  -  A*P#tF  . (g) 

where,  k  -  fp*,llf 

stp  ■  afSp'l  or  at  •  itp<sp 

Then,  the  prediction  equation  would  be 

T  -  tVtp"*  •  fn'*  . (») 


s-7jy;,w..  far  rotary  tillage  oc 
in  Japanese  paddy  field  were  chosen  aa 
sinilar  node la  with  scales  of  *2  X  and 


the  narks t  which  are  widely  used 
a  prototype  and  the  g« ana trl tally 
90  t  were  aanufacturod  (Figure  I). 
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Table  )  show*  Chair  main 
dimensions.  Tha  distance 
8  from  tha  cantar  of  ro¬ 
tation  to  tha  tip  of 
blada  waa  determined  aa  a 
representative  length. 

Si*  bladaa  mar a  inatallad 
on  a  rotary  ah* ft  aa 
thM  in  Figure  2. 
Tharafora,  thro*  aata  of 
rotary  ahaft  with  bladaa 
of  different  bind*  war* 
prop* rod. 


Conaa 

rhraa  circular  conaa  with 
an  apas  ant la  of  60  i*t< 
war a  uaad  aa  an  analog 

davica.  Tha  diameters  of 
thair  baa a  ara  datarminad 
to  hava  tha  aama  length 
acal*  in  proportion  to 
tha  ratioa  of  three  rotary 
bladaa  (Figure  3). 


Table  l.  Dimane iona  of  rotary  bladaa  tea tad. 


symbol 

of 

blada 

radius 

of 

rotation 

width 

of 

cut _ 

angU 

of 

radius 

of 

curvature 

thicknasa 
of  blada 
tip 

scale 

length 

scale 

*  (— )  1  (an)  (deg) 

U) 

U7 

n 

r 

225 

40 

70 

35 

6 

1.00 

1.00 

M-l 

ISO 

32 

70 

28 

4 

0.80 

1.25 

H-2 

140 

25 

70 

25 

3 

0.82 

1.61 

PDsn 

dds 

#30 

#30 

m 

1.800 

1.2  $0 

LOOT 

Figure  2.  Arran gam  eat  of 
rotary  bladaa. 

(  Punters  ia  circlaa  denote  tha  order  of  dig.) 


Figaro  2.  Costas  as  an 

analog  davica. 
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Adjustment  of  tilling  depth  v«i  conduct ad  as  follows.  Firstly,  soil  box 
6  tMS  jacked  up  sad  spacing  blocks  wars  inserted  between  the  bin  and  a 
truck  which  runs  on  the  rails  8.  Then,  the  bln  was  lowered  on  the  spacers, 
end  with  this,  an  approximate  adjustment  of  depth  was  attained.  Secondly, 
a  precise  depth  adjustment  was  done  by  regulating  the  height  of  a  leveling 
plate  which  is  sat  up  on  a  carriage  It  on  the  rails  10  located  on  both 
upper  sides  of  the  bin. 

The  drive  system  of  the  soil  box  consists  of  a  variable  speed,  electric 
motor  7,  a  reduction  gears  2,  driving  sprockets  3  and  a  thrust  steel  rod 
4  on  which  chains  are  installed.  By  this  system,  a  comparative  steady 
speed  in  the  range  0  -  30  cm/s  was  obtained. 

A  hydraulic  power  unit  composed  of  a  piston  pump,  flow  control  valves  and 
electromagnetic  valves  was  adopted  to  drive  the  rotary  abaft  and  cone 
penetrometer.  An  orbit  motor  7  was  used  to  drive  rotary  shaft.  After 
a  set  of  rotary  shaft  ms  tasted,  it  was  changed  for  another  set. 

A  scoop,  a  compacting  board  with  a  handle  and  a  laveler  were  prepared  for 
soil  preparation. 

The  measuring  points  and  the  instrument  used  were  as  follows. 

1.  Torque  on  rotary  ahsft:  strain  gages  and  slip  ring  IS. 

2.  Covenants  of  both  vertical  and  logitudinal  forces  on  rotary  blades: 
strain  gagas  lb. 

3.  Velocity  of  eoil  box  (tilling  spaed  ):  an  electric  pulse  generator. 

4.  Botational  speed  of  the  shaft:  a  tachometer  generator. 

All  data  were  recorded  by  a  data  recorder. 

Cons  penetrometer 

ike  come  wee  screwed  on  the  tip  Of  pametretion  rod  which  is  connected  with 
a  hydraulic  cylinder  through  the  intermediation  of  a  force  transducer.  The 
penetration  speed  was  3.5  ms/s.  Penetration  resistance  wee  measured  by 
means  of  the  force  transducer  of  strain  gage  type  and  depth  was  detected 
by  use  of  a  differential  limner  transformer. 

Boil  end  its  Preparation 

the  soil  used  was  slit  consisting  of  9.8  X  clay,  41.4  X  silt  and  48.8  X 
sand.  After  being  dried,  smashed  ,  sifted  and  bagged,  it  is  on  the  market 
in  Kyoto.  Plastic  limit  and  liquid  limit  were  found  to  be  29.2  Z  and 
32.9  Z.  Ms  determined  three  levels  of  soil  moisture  content  as  shown  in 
Table  2,  considering  that  the  soils  tested  should  have  the  moisture  con¬ 
tents  aa  seen  in  common  paddy  fields. 

lech  soil  was  processed  by  adding  predetermined  amount  of  water  little  by 
little  by  a  enter  pot  and  mined  by  a  scoop  la  a  box.  Then,  the  anil  was 
filled  up  into  the  aeil  hen  aad  was  covered  a  shoot  of  vinyl  film  for  a 
week  to  equalise  moisture.  Before  every  tillage  test,  the  following  soil 
proper at ion  was  carried  out.  The  soil  was  loosened  to  the  bottom  by  a 
scoop  aad  the  surface  soil  was  leveled  and  compacted.  Those  manual  works 
wore  carefully  conducted  by  a  definite  way.  Finally,  the  adjustment  of 
tilling  depth  was  dona. 

Table  2.  Symbols  of  the  soils  and  thair  moisture  contents 


Tost  Conditions 

fan  design  and  opera ting  conditions  shown  is  the  equations  (10)  -  (Ik) 
should  be  held  between  the  prototype  and  the  models.  Tha  terms  on  soil 
properties  are  not  included. 
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•  ■  a*  . (II) 

2  /  1  -  V  R»  .  (12) 

v2/g.t  -  Vj/  la'la .  (13) 

-  S'/R./g.  .  (M) 


vbwrw ,  t  *  the  auiaa  rotational  radius  of  blade 

I  ■  othar  lengths  of  blada  (  width  of  cut  ate.  ) 
a  *  eng law  of  blada  (  angle  of  band  etc.  ) 

Z  ■  tilling  depth 
V  -  tilling  forward  apaad 
M  ■  rotational  apaad  of  rotary  abaft 
g  *  acceleration  of  gravity  and 
a  denotea  nodal. 

The  equations  (10)  and  (II)  ware  realised  among  the  bladaa.  Therefore, 
three  levels  of  Z,  V  and  ■  were  determined  respectively  for  F  blade  in  the 
first  place.  And,  Z,,  V«  and  h  for  blades  K- I  and  M-2  were  set  up  . 

But,  in  this  report,  the  results  are  shown  about  the  caae  presented  in 
Table  3.  Three  repetition  testa  ware  carried  out. 


Table  3  Tillage  conditions 


BIWLTS 


Penetration  Forces  vs.  Sties 

The  torques  obtained  in  the  three  repetition  tests  at  three  scaled  depths 
for  each  rotary  blade  are  shown  in  Figure  3  (a),  (b)  and  (c).  As  is  seen 
in  the  figures,  the  dispersion  of  each  three  points  was  notable  et  higher 
uoisture  levela,  et  shallower  scaled  depths  and  in  aamller  blades.  This 
was  thought  to  be  consequent  upon  the  nonuaiformity  and  the  variations  of 
the  strength  of  soils  *ich  were  prepared  for  every  tillage  run. 
Especially,  at  HC2  and  NC3,  snell-slsed  soil  balls  were  formed  as  the  tests 
•**■■* •*•  lb*  **il  balls  disturbed  the  precise  adjustment  for  the  scaled 
depths  designed,  though  ws  made  an  effort  to  break  them.  Hereafter,  the 
mean  of  torques  Ta  by  three  replications  was  used. 

As  for  the  cones,  the  averaged  values  of  penetration  forces  from  soil 
surface  to  the  scaled  depths  ware  adopted.  For  ensnple,  the  averaged 
values  of  penetration  forces  from  soil  surfacs  to  ths  depths  of  7,  10  and 
13  cm  were  wood. 

Thletisna  of  torques  -  blade  wises  and  panatratioo  forcss  -  cons  sises 
***  FTSBsnted  in  Figures  I  and  7  in  logarithm! cal  form.  Judging  from  the 
results  that  the  relationships  wars  drawn  as  ths  straight  liass,  we  con¬ 
sidered  that  the  fundamental  equations  (2)  and  (3)  wars  satisfied. 


0  5 


Z  (cm) 
(c) 


•  iso  of  bltft,  •  (ca) 


FI  fur*  6.  Torquoa  w.  blado 


y'  v-o 


•  it*  of  cont,  O  (am) 


Figure  7.  Penetration  force*  v*.  cone  size* 


Exponent*  St,  Sp  and  Stp 

To  predict  and  examine  torque*  on  P  blade  according  to  the  analog  pre¬ 
diction  theory,  it  i*  necessary  to  get  the  exponent*  St,  Sp  and  Stp  from 
all  the  regression  lines  regardless  of  soil  moisture  and  depth  level*. 
Therefore,  normal isation  was  done  as  to  torques  and  penetration  forces  in 
order  to  eliminate  the  effects  of  soil  conditions  end  the  depth  on  the 
exponents.  Normalisation  was  conducted  in  such  a  way  that  the  torques  were 
divided  by  the  torque  on  the  samllest  M-2  blade  for  each  moisture  and 
depth  level  combination,  and  the  ratio  was  named  X.  As  to  the  penetration 
forces,  the  same  way  was  applied  and  the  ratio  was  named  p. 

Figures  8,  9  and  10  show  the  relationships  X  vs.  n,  p  vs.  n  and  \  vs.  u 
in  each  moisture  level.  Properly  specking,  these  figures  should  not  be 
presented  separately  by  moisture  levels,  but  they  will  tell  us  that  the 
considerable  dispersion  of  dots  and  differences  of  the  slopes  in  some 
combination  of  MC  and  Z  level.  This  fact  means  that  an  ideal  result,  in 
which  the  exponent  Sep  is  always  definite,  was  not  obtained  and  that  the 
prediction  accuracy  was  decreased  in  some  measure. 

The  exponents  based  on  all  the  data  and  based  on  each  MC  level  for  refer¬ 
ence  were  calculated  by  means  of  regression  analysis.  The  estiawted 
values  of  S(  which  will  be  written  by  the  symbol  $t  hereafter,  the  values 
of  St  due  to  the  observed  value  and  their  ratios  are  shown  in  Table  4. 

As  most  of  $t  values  are  smaller  than  those  of  St,  it  is  expected  that 
the  predicted  torque*  will  be  less  than  the  amasured  in  general. 


Figure  8.  Torque  ratio  X  vs.  length  scale  n 


As  for  the  prediction  error  (A)  derived  ft  can  ail  the  data,  the  largest 
error  was  brought  on  at  MC2  level  with  two  model  blades.  There  is  a  dis¬ 
tinct  inclination  that  over  prediction  occured  only  at  MC2,  but  the  cause 
is  inexplicable.  The  average  of  all  the  errors  was  very  small  at  the 
result  of  offset  account  and  accordingly  their  standard  deviations  were 
considerably  large  (Table  5).  On  the  contrary,  the  prediction  error  (A) 
based  on  the  data  from  each  MC  level  we  re  smaller  (Table  6). 

How,  it  may  be  effective  or  useful  to  adopt  an  absolute  value  of  the  pre¬ 
diction  error  (A),  we  call  it  "  the  prediction  error  (B)  H  ,  when  we  refer 
to  the  average  error.  As  with  the  prediction  error  (B),  the  averages 
from  M-l  and  M-2  blades  became  larger  and  were  13.5  Z  and  24.6  Z,  but 
the  standard  deviations  decreased  to  7.61  Z  and  20.4  Z  reapectively . 

The  average  errors  for  each  Z  level,  on  the  whole,  suggests  that  the  non- 
uniformity  of  soil  strength  on  the  torques  exsists  especially  in  the 
shallower  zone. 


Z3 


(a)  Prediction  by  M  -  I  blade 


Figure  It.  Prediction  of  torques  on  P  blade 
baaed  on  all  the  data 


lal'le  5.  Prediction  errora  bated  on  all  the  data 


MC  level 

Z  level 

MC  1 

Z  1 

Z  2 

Z  3 

MC  2 

Z  1 

Z  2 

Z  3 

MC  3 

Z  1 

Z  2 

Z  3 

torque 
P  blade 


preaicte 


I  blade 


error 


-  5.40 


2  blade 


predicted  |  errorCA 
toraue  I 


Average  error 

MCI 

(A) 

(8) 

MC2 

(A) 

<B) 

MC  3 

(A) 

(8) 

Z  1 

(8) 

Z  2 

(8) 

Z  3 

(8) 

All 

data  (A) 

Stand,  devi. 

All 

data  (B) 

Stand •  davi.  | 

M-l  blade  |  M- 2  blade 


.,Z 


Table  6,  Prediction  errora  baaed  on  the  data 
fro*  each  MC  level. 


MC  level 


Z  level  Matured 
torque 

P  blade 


predicted!  error(A) 
torque  ] 


-15.81* 

-26.51 

5.32 


-  2.19 
13.85 
-21.11 
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!  Average  emu 

M-l  blade 

M-2  blade 

MCI 

(A) 

-  3.11* 

—  12.3  3* 

(B) 

5.72 

15.88 

MC2 

(A) 

4.54 

-  2.73 

(B) 

7.29 

19.65 

MC  3 

(A) 

-  7.02 

-  3.15 

(B) 

7.02 

12.38 

Z  1 

(B) 

7.  1 1 

17.  19 

Z  2 

(B) 

7.  14 

17.09 

Z  1 

(B) 

5.78 

13.63 

Alt 

data  (A) 

-  1.86 

-  4.25 

Stand,  devi. 

7.61 

18.00 

All 

data  (B) 

6.68 

15.97 

1  Stand,  dtvi. 

4.09 

9.33 

DISCUSSION 


A  general  similitude  technique  for  soil-machine  systems  ia  not  establish¬ 
ed  under  the  preaent  condition  though  many  researches  have  been  conduct¬ 
ed.  The  method  using  an  analog  device  ia  considered  to  have  the  possi¬ 
bility  to  predict  the  performance  of  a  prototype  from  modal e.  Me  paid 
more  attention  to  the  prediction  accuracy  setting  aside  an  appropriate¬ 
ness  of  cone  as  an  analog  tool. 

Various  appraisals  could  be  possible  as  to  the  prediction  errors  obtain¬ 
ed  in  this  experiment.  If  a  tentative  target  of  the  prediction  error  is 
settled  to  be  10  Z  as  Schafer  ct  at.  proposed,  the  number  of  errors  over 
10  Z  amounted  more  than  twice  the  maaber  of  errors  below  10  Z.  Also,  it 
was  found  that  the  standard  deviation  of  the  prediction  errors  (A)  and 
(B)  were  too  large  for  an  practical  prediction  system.  But,  consider¬ 
ing  that  a  high  speed  soil-machine  interaction  occurs  in  rotary  tillage, 
one  might  say  that  the  results  obtained  exceeded  expectation.  The  reason 
would  be  as  follows.  One  is  due  to  the  minute  soil  preparation  which 
was  possible  because  of  the  small-scale  soil  box.  The  other  is  attribu¬ 
table  to  adopt  the  average  penetration  force. 

Then,  the  investigation  was  made  on  the  large  variations  of  prediction 
errors  which  were  expressed  by  standard  deviations.  Another  cone  pene¬ 
tration  was  conducted  to  examine  the  uniformity  of  soil  strengths  using 
a  cone  with  60  deg.  apex  angle  and  25  am  diameter  before  every  tillage 
run.  The  reeult  is  shown  about  the  case  of  MC  3,  where  the  soil  prepa¬ 
ration  was  most  difficult.  At  MC  3,  twenty  seven  penetration  teats  were 
conducted  before  every  tillage  run.  The  cone  was  penetrrted  at  the  cen¬ 
ter  of  the  soil  box  end  twenty  seven  depth-force  diagrams  were  obtained. 
Prom  them,  the  average  penetration  forces  from  soil  surface  to  the  four 
depths  (  3,  5,  10  and  13  cm  )  and  the  standard  deviation  were  obtained. 
Table  7  shows  the  reeult  that  the  coefficient  of  variation  was  about  10  Z. 
This  means  that  the  inanent  nonuniformity  of  soil  strength  is  one  of  the 
reasons  for  the  large  prediction  errors. 

The  analysis  of  variance  concerning  with  the  prediction  error  (A)  was  also 
conducted.  Through  the  analysis,  it  was  found  that  only  MC  was  signifi¬ 
cant  at  5  Z  critical  rate  and  the  other  factors  or  the  interactions  proved 
to  be  judged  insignificant.  It  comas  to  a  conclusion  that  a  series  of 
cones  as  an  analog  could  not  function  so  as  to  correspond  with  the  change 
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of  soil  condition*.  Naturally,  the  prediction  baaed  on  the  exponent* 
gained  f roe  each  NC  level  lack*  universal  validity  for  practical  uee. 

In  conclusion,  an  analysis  of  prediction  errors  will  be  necessary  along 
with  the  development  of  better  analogs.  To  put  it  concretely,  it  is 
i^ortant  to  decrease  and  measure  the  effects  of  test  facility  and  net  hod 
on  prediction  errors  in  order  to  throw  light  upon  true  validity  of  an 
analog  device. 


Table  7.  Variations  of  the  strength  of 
soil  prepared. 


depth 

(cn) 

3 

S 

to 

13 

KKt»*  co~ 

(■) 

123.8 

165.8 

183.9 

181.9 

(■) 

13.8 

16.9 

17.3 

21.8 

(X) 

II.  • 

10.2 

9.4 

12.0 

iminas 
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THB  ANALYSIS  ON  THE  DYNAMIC  PERFORMANCE  OF  A  SINGLE  LUO 


TAI  LING  ZHANG  YAO  JIAN  SHAO 
SOUTH  CHINA  AGRICULTURAL  COLLEGE 


SUMMARY 

l 

The  lur  of  a  rigid  lugged  wheal  for  the  paddy-field  tractor 
la  tha  b.aic  eleaent  to  Interact  with  soil.  Tha  lug  angle  haa 
significant  affect  on  the  tractive  performance  of  a  rigid 
lugged  wheel  In  rice  field. 

This  paper  analyses  the  interaction  process  between  lug  and 
soil.  A  calculating  method  of  the  soil  reaction  on  a  single 
lug  based  on  the  equation  of  passive  pressure  In  two  dimen¬ 
sional  soil  failure  Is  presented.  It  is  shown  that  there  is  a 
good  agreement  between  the  measured  and  predicted  pull  and 

lift  forces  developed  by  a  single  lug  within  the  test  range.  - j 

Baaed  on  the  law  of  conservation  of  energy,  the  dynamic  per-  '  j 
forma nee  of  a  lug  is  predicted  according  to  energy  distrlb-  I 

utlon  under  lug-aoll  interaction,  and  a  conputor  orogram  is 
develoned.  Tha  vertical  vibration  of  wheal  axle,  the  unstead¬ 
iness  of  speed  and  slip  of  jnulti-luga  wheel  are  studied  theor¬ 
etically  and  orellmlnarlly. 


INTRODUCTION 

The  lug  la  the  basic  element  to  interact  with  soil,  and  It 
has  significant  effect  on  the  performance  of  wheeled  tractor. 

According  to  the  Law  of  Conjugate  Action  between  two  meshing 
profiler  and  the  kinematics  of  lug.  Y.J.  Shao  proposed  nine 
equations  for  geometrical  oaramstera  of  lug  with  respect  to 
slip.  (l)*Deng  and  Yu  analysed  the  flow  pattern  of  aoil  be¬ 
neath  lug.  they  noted  that  the  failure  gone  wee  nearly  a  log¬ 
arithmic  eplral  and  straight  line,  and  that  the  equation  of 
passive  failure  proposed  by  Hettlaratchi  and  Reeoe  (3)  waa 
adootable  to  predict  the  maximum  thrust  of  lug  at  definite 
position  in  oaddy  field,  end  thers  eras  good  agreement  between 
the  aensured  end  oredloted  values.  (2) 

D.  Oee-Clough  (U.5.6)  in  hie  paper  studied  end  determined  the 
influence  or  various  parameters  on  the  forces  of  single  lug. 
ne  applied  Bekker's  preseure-slnkege  equation  and  Eeeoe's 
equation  to  calculate  the  soil  reaction  on  lug.  His  recent 
ejqperlasnt  Into  the  effect  of  lug  angle  to  performance  oame 
to  conclusion  that  30* lug  angla  wheal  obtained  the  largest 
tractive  nowor. 

Besides,  J.Y.  Wong  (7),  L.I..  Karaflath  and  E.A.  Now* t ski  also 
(8)  studied  and  analysed  tl*  lug-aoil  interaction. 
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In  this  paper,  experiments  were  conducted  In  soil  bln  to  mea¬ 
sure  the  soli  renctlons  on  a  single  lug*  This  naner  analyses 
the  Interaction  process  between  lug  and  soil.  A  calculating 
nethod  of  the  soil  reaction  on  a  single  lug  based  on  the  equ¬ 
ation  of  nssslve  nresnure  In  two-dimensional  soli  failure  is 
presented.  Based  on  the  Law  of  Conservation  of  Energy,  the 
dynamic  nerformance  of  a  singlelug  is  oredlctsd  and  evaluated. 
The  vertical  vibration  r£  wheel  axle  and  the  unsteadlnsae  of 
speed  and  slin  of  lugged  wheel  under  fluctuating  soil  reaction 
are  studied  theoretically  and  preliminarily. 

I.  APPARATUS  AND  EXPERIIS^IT  METHODS 

All  exnerlnents  were  conducted  at  a  soli  bin  built  in  the 
Department  of  Agricultural  Machinery  at  South  China  Agricul¬ 
tural  College.  The  »oil  bln  has  s  dimension  of  20m  length  x 
1.6m  width  x  1.0m  depth.  The  soil  layers  in  soil  bin  are 
shown  in  Fig.  1.  The  oaddy  field  soil  formed  by  long  period 
cultivation  of  rice  were  taken  from  the  College  Perm.  The 
grain  sixes  of  soil  and  their  distribution  are  shown  in  Pig. 

2  that  the  various  slxe  of  particles  are  in  good  conposition* 

In  order  to  meaaure  the  soil  reaction,  an  experimental  flat 
lug  model  120bsb  in  length  x  2 00 ran  in  width  was  designed,  lta 
inclined  angle  was  adjustable  from  3°-  50°,  and  its  radius  of 
tip  was  adjustable  from  350-i450smw  An  octagonal  sensor  which 
had  good  linear  relationship  between  measured  forces  and  de¬ 
formation  was  set  between  the  lug  and  powered  shaft  to  measure 
the  soil  reaction  R  and  its  radial  oo^>onent  R-  and  tangential 
conponent  Rt  as  shown  in  Plg.3*U,5. 

The  lug  tester  had  two  motors,  of  which  one  motor  waa  used  to 
drive  the  shaft  of  lug  and  the  other  motor  to  control  the  slip 
and  sneed.  All  foroes  from  soil  reaction  were  picked  up  by 
strain  amolifier  and  graphed  by  reoordsr.  The  rotational  spaed 
of  the  model  lug  was  set  at  6.34  ppm.  The  slnkags  of  the  lug 
was  controled  at  138mm  measured  from  tip. 


Pig.l  Soil  layers 
in  soil  bln 


Plg*2  Soil  grain  alias 
and  distribution 


I, 


it 


Pig.  3  The  nodal  lug 
with  sensor 
Plg.U  The  lug  tester 

The  soil  reactions  ware  meusured  at  various  slips (15>,  25 S>, 
1-055)  and  inclined  angles(l5°»  ?7°»30°, 35°  )of  the  nodal  lug. 

The  water  content,  cohesion  and  internal  friction  angle  of 
soil  at  various  depth (30mm,  80mra,  130mn)  ware  tested  before 
experiment.  Pro n  the  tests,  the  values  of  cohesion  c  increased 
with  de->th,  but  there  were  snail  changes  in  the  internal 
friction  angle  . 

The  relationship  of  shear-  dlsolaceraent  of  the  soil  in  soil 
bln  could  be  expressed  in  Janosi  Formula: 

-jA 

r  -t  (i  -  •  )  (l-i) 

9  9 -ax 

In  or-'.er  to  obtain  the  value  of  k»  expression  (1-1)  was 
transformed  lntd  the  following  expression  by  means  of  a  log¬ 
arithmic  method. 

ln(l  -XA  -ax)  —  -jA  (1-2) 

The  adhesion  and  external  friction  angle  of  the  soli  in  soil 
bln  wero  also  tested. 


SPRKD  SOIL  KEACTIOMS 


m 


•  r‘y 


The  recorded  soil  reactions  from  experiments  were  the  radial 
cosqponsnt  Rn  and  tangential  ooaponent  Rt  as  shown  in  Pig.  SS 
Their  relationship  with  vertical  oonponent  Rj  and  horlsontal 
corps  orient  Rgmay  be  expressed  In  the  following  equation 


fit-]  fcoa($  )ain(t*X  )]  J  Rtl 
1  J  m  [8,nl***  )-cos(#«*)J  |  RnJ 


w’-ero 


AB  sln(  t  -4  ABC ) 
r.  -  ABePs(^-^ABC) 


r 


*  V  •  .  4!  /■ 


4 
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Wg«5  H»  soil  motlona 
Maturing 

Plg«6  The  analysis  of 

Matured  foroa  . 

system  /  I 

Substitute  the  following  values  (AC  -  30m, 

26.57°.  AB-67.11"*",  r~/m  U2$wn)  Into  equation  (2  -  2)  and 
obtain  the  angle?  under  various  inclined  angle  of  lug  as  in 
the  following  tablet 


-60m,  ^ABC- 


5 

% 


15°  27° 

-2,15°  O.OC° 


35c 


30o  ^ 

0.r-.l;°  l.i'7° 


Prom  the  above  table*  it  is  shown  that  the  angle* is  very 
small  so  that  the  Matured  Rn,Rt  foroes  may  be  considered  as 
the  dynamic  radial  foroe  and  tangential  foroe  of  the  wheel  at 
lug  tip,  and  a  resolution  of  these  foroes  into  vertical  corn- 
ponents  Rt  and  horieontal  components  R-can  be  calculated. 

The  Matured  values  of  Rz  and  Rx  beneath  aingle  lug  with  15? 
27°.  30°,  35°  inclined  angle  at  15^,  I Si  aliu  under  the  aan 
controled  slnkage  136m  are  shown  in  the  figures  ol  Pig. 7.  It 
is  observed  from  the  curvet  that  all  the  soil  reactions  R.,R.. 
at  25JS  slip  are  larger  than  those  at  15*  slip,  and  that  the 
vertical  components  R.  obviously  increase  with  Inclined  angles 
but  the  horlsontal  components  Rx  only  have  slight  variation. 

It  is  noted  that  the  R  and  R  reach. maximum  before  the  lug 
arrives  at  its  loMtt  oosltion  (#— 90  )»  that  the  R-^nex  always 
earlier  than  Rxnex  &X  about  10  ,  that  Is,  the  maximum  R,  ex¬ 
hibits  at  9  — 70  -  80* and  Mvlmme  Rx  at  60  -  90  •  It  is  inter¬ 


esting  to  note  that  a  negative  R-  (-R*  )  is  presented  while 
the  lug  leaves  the  soil  with  scooping  notion,  and  that  the  lug 
with  less  inolined  angle  will  have  larger  negative  Rz  ,  and 
the  more  the  slip,  the  larger  the  negative  Re. 


Pig. 7 (next  page)  The  Manured  and  predicted  soil 
reaction  Be  and  Rx 


ill.  thl  PhuDicTio;;  of  soil  hjactt.- 

A  calculating  method  of  the  soil  reaction  o*  a  single  lv.- 
based  on  the  aquation  of  pasalva  pressure  in  tv;o  dl.mnsi  eg. 
aoil  ''allure  oroposed  by  Hittiaratchi  and  Reece  (9)  is  trie 
for  thia  prediction.  The  general  passive  soil  resistance  c:~ 
the  lug  interface  in  unit  width  can  be  written  in  terrs  cf  :c 
symbols  defined  in  Notation  by  t  e  followinc  expression: 

R i  (ci^iT  l  P  )  ( j  —  a > 

The  soil  reaction  Hi  may  be  broken  down  into  two  parts,  the 
adhesive  consonant  acting  along  the  interface (A—atcoaoow  ), 
and  P  the  frictional  component  noting  at  an  angle  with  the 
normal  to  the  interface.  The  magnitude  of  P  ray  be  expressed 
in  the  following  equation  in  which  symbols  defined  in  Notation 

P  —  /s*Kf+  czKorffqal^-rs2^*-  ■'  -  2) 

The  angle  between  vector  of  P  and  normal  to  interfaoe  la  6  as 

shown  in  Pig. 8. 

The  soil  reaction  R*to  Interface  in  unit  width  may  be  written 
as:  __  _  _ 

(3-3) 

That  ia:  „  „  i 

Rl  —  (P  ♦  A2  +  2PA8in*  )#  (3  -  kt 

The  angle  4f  between  R1  and  normal  of  Interfaoe  la  given  by 
the  following  expression: 

Si""  6  +  sin"1  (Acoid/Rj)  (3  -  5) 


displace -ent 


(K«  —  Kf*'”8 ) 

and  the  distance  from  the  acting  point  of  Rj  to  the  upoar 
and  of  the  lntarfaoa  is  given  by  : 

hi  a  coseoafcos 4  sac  Jr  {(3Pi+l|P;.>  )/6rJ  (3  -  6) 


The  above  expression  is  adaptable  at  the  following  range  of 

'  ■' ■  s  : 


(n)  .-<«1<1V0* 

#(*♦*)♦*» 

is  the  annle  between  tha  dlreotlon  of  notion  of  interface 


at  upoer  end  and  horisontal  line) 
(b) 

( C  )  Si  0  «*»  * 


According  to  a  preliminary  calculation*  the  value  of  It  is  only 
about  ip  of  the  friction  eosponent  P.  In  order  to  simply  the 
calculation*  the  last  tern  of  ffc  nay  be  neglected*  and  (3-2) 
may  be  sispllfled  and  expressed  set 

P  ~/saKr+  esXea  +  ««*o  (3  -  2) 

Share  and  1U  are  given  by  the  following  expressions: 


Kca<B(M*  -  1)  seo 4  ooseeet  cotf  (3  -  7) 

Ko  ail f  seoj  ooseoei  (3*8) 


and  aooording  to  (15 )»  If  approximately  equal  to  0.5  t 
re  tn.’w ,  q 

I# -  0,5Kq  (3  - 

The  r  In  13  *  7/  sad  (3*8)  nay  be  ealoulate  according  to 
the  following  table* 


9) 


and  In  above  table* 

^•■{oosJl  oosJe(sin2f-sln2J  /(I  -  sin#)  (3  -10) 
*?»saqp(  (2 m*2fl  -*)tan#7  (3  -U) 

»j-{(l  -  sln2#ein2  <0+f$ J*-  sln#cos  («t^t)|  V cos2# 

**-f  -  **+*)  13  *“> 

In  paddy  field  eoll  it  seems  to  be  Important  that  the  sideway 
shear  resistance  of  soil  for  the  tested  lug  with  larger  i/l 
ratio  nay  not  be  neglected  In  calculating  soil  reactions  be¬ 
neath  lug*  According  to  (10)*  the  equation  of  sideway  shear 
resistance  proposed  by  A*X*Reeoe  was  adaptable  for  soft  paddy 
field  soil*  The  lateral  shear  resistance  nay  be  expressed  as: 
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U  -  c  .  ,  '3  -13) 

where  X  —  2aln(£-  ♦-*■).  for  (  *>b/? ) 

t-1,  ^  ^  for  (**l/2) 

B  --  the  width  of  lug. 

The  later* l  n-r  .<>  be  taken  ee : 

S  «i  S-,e  Sp 

where  0#25L1''cot#^e*n(2(e*e  -$-)tanf]-l} 

S2»0.5  L1',exp(2(**^-^)ten#)ooef 


—  the  oontaet  length  of  lateral  Interface. 

The  lateral  shear  realatanee  Pg  may  be  expressed  aa: 

rs-2S*J0  (3-15) 

It  la  considered  that  the  lateral  shear  resistance  depends  on 
e,  so  P8  is  taken  as  a  part  of  Pj.* 


Then  the  rest  la  to  determine  the  value  of  .1  accord  Inc  to  the 
slip  line,  aa  shown  In  Plg*9*  Take  0»at  vppe;  end  **  luc  aa 
the  osnter  (polo)  of  logarithsde  spiral. and  than  draw  the  log¬ 
arithmic  spiral  from  lug  tip*  The  aoiral  intersectn  inter¬ 
face  of  lug  at  point  A**.  The  horl son tal  dlstanoe  from  A,  to 
Ai'  repreaents  a  part  of  horisontal  shear  displacement  J,. 

The  horisontal  shear  displacement  j  for  lug  position  A**'  may 
be  exnreased  by  the  sum  of  partial  displacements  from  A  to 
Aieira : 

S  Jl  (3  -16) 


Tbs  lug  force  R  can  be  sunssd  up  by  the  following  expression. 

* -ft  *$♦<**)*  ♦»!“*  stndj*  (1  -e"^  )  (3-17) 

whore  m 

P3-  B(pje.f*r?  )4P, 

Thus  the  vsrtloal  oomonent  Rz  and  horisontal  soiponent  R-  of 
the  soil  reaction  R  on  the  single  lug  as  shown  in  Pig. 10  may 
be  expressed  as  follow: 

R*  -  R  eln(t  -6i  -  p  )  (3-16) 

Rg- R  cost#  -if  -#  )  (3-19) 

All  the  above  equation  was  programmed  and  the  R?  and  Rj  may  be 
■nayutad  on  a  ooeputer  without  using  curve  a  from  ohart.Tha  com¬ 
puted  value a  and  curves  are  shown  in  Pig. 7  in  comparison  with 
measured  curves*  Xt  may  be  aeen  from  thsae  curves  that  there 
is  good  agreement  between  the  predicted  curves  and  measured 
ourves* 
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iv  a  tieorkt'cal  A’:ai."^is  i::tc  TIE 

aTTc'  >T;nTOianKE"or  t  yrwynm 


The  dynamic  performance  of  a  single  lug  is  analysed  based  on 
the  L r-  of  Conservation  of  Energy  and  according  to  the  distr¬ 
ibution  of  energy. 

Sunoose  a  single  lug  turns  uniformly  an  angle  of  d8  under  the 
torque  1C(0),  the  input  energy  of  the  lug  is  H(0)d0,  and  a 
part  of  the  energy  will  transform  into  available  energy  of 
pull  Rx(0)rd6«  and  the  other  part  of  energy  E  consumed  on 
overcoming  the  notion  resistance,  slip  and  soil  deformation. 
The  eountion  of  energy  equilibrium  of  a  single  lug  may  be  ex¬ 
pressed  as  follows 


It  !e>  “‘It 


Rx(0)rd0  +  £ 


(!;  -  1) 


where  0j ,  —  the  rotating  angle  of  wheel  as  the  lug 

enters  the  soil  and  leaves  the  soil, 
r  —  the  rolling  radius  of  lug,  r«r0(l  -  i). 

In  order  to  evaluate  the  dynamic  performance  of  a  single  lug 
based  on  the  distribution  of  energy,  the  efficiency  of  the 
lug  is  defined  as  the  ratio  of  outout  energy  to  input  energy 
in  the  process  of  lug-soil  Interaction,  that  is: 


W 


R-(0)rd# 


(<;  -  ?) 


jj*  M  (f)d© 

Supnose  the  axle  of  wheel  travels  s  distance  of  Sr  while  the 
lug  moves  from  s  position  of  entering  the  soil  to  other  posi¬ 
tion  cf  leaving  the  soil. 


sr«ro(i  -  l)(0r-  ®i)-ro(l  -  i)er 
dividing  (Is  -  2)  by  (4  -  3), 


£ 


«(©)d« 


I? 


Rg(e)rde  E 


+  — 
Sr 


(4  -  3) 


(4  -  4) 


Sr  8r 

Each  term  of  the  above  exoresslon  (4-4)  does  have  the  dimen¬ 
sional  oua-tlty  of  force,  so  the  average  thrust  Have  , average 
pull  Pave  and  avera~e  -'otion  resistance  fave  may  be  defined 
by  the  following  expressions: 

K(0)d»  (4-5) 


Have 


ave 


i  r*2 

"  SrJ«l 

.if 

sj®i 


and 


-rj9l 
*ave  .  *  /  Sr 
®ave  •  ^ave+^ave 


-g 


(4  -  6) 
<4  -  7) 


•  .  '■  k 

■  * 
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Pave  -  I  J  ^  Hx(e)r4lB-J  1^  Rx(e)d6 

The  average  bearing  reaction  Wjyf  may  be  expressed  au: 


8) 


According  to  expressions  (I4.— 2  ),  (I4.-6),  (4-8) and  the  measured 
•oil  reaction,  the  relationship  between  Pave*  *ave»  Vl<*  end^ 
can  be  plotted  as  shown  in  Pig. 11#  Prom  this  figure,  it  is 
noted  that  all  the  W^ve^d  Pave°f  single  lug  at  various  in¬ 
clined  angle  Increase  with  slip,  and  that  at  a  given  slip  the 
Wave  increases  but  Paws  decreases  with  inclined  angle.  It  is 
noted  that  the  efficiency  of  lug  at  a  given  slio  decreases 
with  Its  inclined  angle  within  the  range  of  15  -  3?*. 

The  powered  wheel  always  works  with  a  definite  load  on  axle. 

Suppose  that  an  average  bearing  reaction  of  30kg  is  needed  to 
assure  a  sinkage  of  138mm  for  the  experimental  lug. 


1  r®2 

•rj«i 


Rz(e)de 


In  Pig.  11,  draw  a  straight  line  ABCD  parallel  to  axis  from 
the  point  30kg.  It  is  seen  that  at  '/.ye  30kg  and  rt  the 

same  sinkage  of  13Cmm  the  corresponding  silos  are  3 2  1" ?>, 

13jtf  and  10*  for  *nclined  angles  of  15®  ,  27®.  30®.  35°  respec¬ 
tively.  Proa  point  ABCD  draw  vertical  lines  upward  ar.d  inter¬ 
sect  the  %»-  0  curves  of  various  slips  nt  A'B'C'D*  respecti¬ 
vely.  Curve  A'B'C'D1  is  the  curve  of  ft  — ^relationship.  Prom 
this  curve  it  is  noted  that  theoretical  efficiency  of  lug 
reaches  maximum  at  an  inclined  angle  of  20°with  a  respective 
slip  of  UjjS. 


According  to  the  above  method  of  calculation  of  toll  reaction 
and  the  analysis  of  dynamic  performance  of  lug»  the  following 
procedure  to  nredict  the  performance  of  single  lug  ie  recom¬ 
mended 

1*  The  following  input  data  ahould  be  known: 

(a)  the  soil  parameters:  c A  ,  6  ,  i  , 

(b)  the  geometrical  oaraneters  of  lug:  L,  B,  . 

(c)  the  average  bearing  reaction  and  adoptable  linkage : 

Wm  ,  s. 

2.  To  predict  R  at  various  slip,  calculate  Rj(6)  and  the  Urn* 
hv  mea  a  of  Simpson' a  integral  method, 

3*  fo  nrealot  average  null  according  to  R  obtained  from 
2nd  aten  and  the  corresnondent  Blip  1. 

U.  To  nredict  the  efficiency  of  lug  by  means  of  Simpaon'a 
integral  method  according  to  exoression  (I4.  -  2), 

5.  Rene at  the  above  procedure  of  calculation  at  various  in¬ 
clined  angle  /I ,  compare  to  obtain  the  maximum  efficiency 
and  the  correanondent  0  • 

A  flow  chart  of  comouter  program  for  the  above  predictions  ia 
shown  in  Fig, 12. 


Fig. 12  k  flow  chart  of  oonputer  program 
to  predict  performance  of  lug 
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v.  t:®  r  ■  '"ical  vibration  op  uiiL  a'  d 

THB"tnf5irgAuiH5sr5rspg&'  sup?  as- 


From  the  experiment  It  wee  noted  that  th.e  eoll  reoc*  nn 
single  lu/T  »ss  fluctuating  end  that  the  axleof  the  *•  *.u  wheel 

with  limited  quantity  of  luge  vibrated  In  the  vertJ>  .x  direc¬ 
tion  and  lte  epeed  and  slip  varied  In  travel  direction*  as 
shown  In  Fig. 13. 


Fig. 13  The  soil  reactions  on  the  wheel 
with  twelve  lugs 


Suppose  that  the  motion  of  a  rigid  lugged  wheel  Is  a  plane 
motion  system  of  rigid  body.  Xn  Fig.  14,  point  0»  Is  the 
origin  of  the  motional  coordinate  system*  and  .0  coincides 
with  the  center  (axle)  of  the  wheel.  The  angular  soeed  of  the 
wheel  Is  expected  as  constant  and  the  motion  of  wheel  axle 
may  be  expreseed  by  the  following  differential  equations. 


Fig.  14  The  coordinate 

svstea 

■  —  ?•» 

■  v.  0 


Fig. 15 


c 


The  analogous 
foroe  system 


VJ  -  1) 


1  x  * 

where  raft- the  lua  of  toil  reaction  on  the  luge  in  X  direetion 
*g,-the  sum  of  soil  reaction  on  tha  lugs  in  Z  direction 
T,  -  the  motional  resistance  in  X  direction 
4  ~  the  loed  on  the  wheel  axle 
*  ~  the  mass  of  wheel. 


.-4 

V* 
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t  -j 


Based  on  the  analogous  force  system  as  shown  in  Fig.l5»  then 

v.-e  have : 

(  T  -rf  +  '  i+M~)x 
I  0  -  (fc  ♦  :aJK  -  yci. 
where  !>’ —  constant  towed  resistance 

II'  —  the  mass  of  the  towed  teeter 

Kq —  the  dlsnosal  mass  on  the  wheel  axle 


lonseouentlv,  the  eouation(5  -  1)  may  be  rewritten  aa: 


f  (Ki+M2<Hn)x«^  Rx-  Df 
l  (MfrMn)*  -  (M2*  m)g  -£l»i 


(5  -  2) 


To  solve  the  equation  (5  -  2)»  the curve  In  the  range 
between  the  entry  angle  into  soil  and*  outgoing  angle  of  soil 
with,  respect  to  a  specific  lug  as  shown  in  Fig.l5  may  be  ex¬ 
pressed  in  Fourier  series. 

Ut  $  m  -$L  (  (i- 0.  1.2. ■■■. 

t 

Rg(6,)  -  •§*  +  cwf-^pi  )  +  (s-  3) 

where  ,  *»-<  . 

■  jr £*t(*i)cvc & «> ,  (k-o.  1. 1, . .  n) 


.v-  ** . ,*-i) 

the  same  as  above  JSt  " 

«*(•<)  -  (5--O 

C»-  (kma.i.M. . .») 

dk-  Km(*)« '"(&*)’  ck~l,*. . «-0 

Substitute  equation!®  (5-3 )»  (5-U)  into  equation  (5-2),  and  let 


where 


Substitute  equations  ),  into  equation  ana 

X  •  V««  .  X  * 0,  i-  o  at  6i  *0  •  The  solutions  of  the 

equation  (5-2)  may  be  exoressed  as  follow: 

*(9' 1 "  (*»♦*»  *4*  ilr  *  *  ^Jwi***f£* 

*  -I\esfC-tr<)]-Pf®‘J  (s 

where 


<f  -  6) 


♦  gk  fcce^V-Oj  (*~7> 


iZL 


■''.r  "o 


~  cert-fc-i)  +  f,*(Jp-t)-H'6t]-Air*tr  *4  *  ] r*4i 

It  i  ,  J** 

It  is  cic  .’  o  w  cLj  ~  c.  v  l  oa  ^iqht  oi'  equa- 

tlons  (^-5)  to  (5-0)  are  unvaried  terns  indicating  t'  o  none- 
fluctuatlnr:  value,  but  that  the  second  and  third  terms  are 
fluctuating  with  angle  8t . 

Let  the  snood  r#u»(l-i)  of  the  wheel  axle  emtp.ls  f-.o  first 
term  of  equation  (5-5)  on  right  side,  then  ( 

■ox  ■»  r#  u>  ( 1  —  1 )  —  - ... —  V  ">|r  (  -  ' 

('  |e ! ’^em  )4U 

The  same  for  the  vibration  of  the  wheel  axle  slonr  t'o  verti¬ 
cal  direction: 

-1  , 


*bo  1  “ 


(--♦  m)uf 


( 


If  the  wheel  was  in  a  steady  state  of  uniform  notion  rndor 
fluctuating  soil  reaction,  all  points  of  ident’r  .j.  hose 
under  cyclical  external  force  should  have  the  same  sneed  and 
the  same  Z  coordinate.  Then  we  have: 

|i(P).vM.z  (0*  ) 

and  then 


*o 

(:**  i)~,-  y  * 


z(0)-0  mz  (0,) 

sin  (*&*#,)-  L„ 


cor.  (' 


2L-W, 


(5  -11 


1?) 


the  sane  as  above, 

x(o)«voX*x(«s) 

then 


coe(- 


.21: 


..»] 


(5  -  13) 


The  conditions  of  steady  motion  were  defined  by  the  equations 

(5  -  ID,  (5  -  13). 


The  position  X(6j),  the  speed  X(6j 1  in  X  direction  and  the 
position  Z(9i),  the  speed  Z(9i  )  in  Z  direction  could  be  calcu¬ 
lated  by  the  equations  (5-9)*  (5  -  11)  to  (5  -  13)  end  the 
equations  (5-5)  to  (5-8).  From  the  curve  shown  in  Pig.l6, 
It  Is  shown  that  the  slip  is  ohar-ed  with  anr.le  Pi  in  a  range 
of  about  0.3  *o  0.2  (  Ifa+ra- 117. 3k**,  »'i-135i:fi»  D* -1303.92. , 
#•27  )•  The  incut  of  the  *freel  axle  Is  shown  in  Fig. 17*  ths 
fluctuation  ’  •»  in  a  nagnitude  of  about  l.Ucn. 
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Pig.  16  The  fluctuation  of  slip 


Pig.  17  The  locus  of  e  wheel  axle 


Baaed  on  the  previous  analysis,  ths  vibration  of  wheel  axle 
and  tN>  unsteadiness  of  speed  and  slip  are  certain  and  will 
give  effect  to  some  variation  on  loous  of  lug  tip* 


CONCLUSION 

The  lug  of  a  rigid  pCwered  wheel  Is  the  basic  element  to  In¬ 
teract  with  the  soil.  The  lug  angle  has  significant  effect  on 
the  tractive  oerformance  of  a  rigid  wheel  in  paddy  field. 

This  ©aoer  describe*  the  experiments  in  measuring  the  soil  re¬ 
actions  on  a  single  model  lug  with  various  inclined  angle  and 
slip  in  soli  bln.  A  calculating  rasthod  of  the  soil  reactions 
on  einrle  lug  based  on  the  equation  of  oasslve  pressure  in 
two  dlr»nslon*>l  •©«!  failure  Is  ©resented.  It  Is  shown  that 
there  Is  rood  agreement  between  the  measured  and  oredlcted 
null  ar.d  lift  s->tl  reactions  on  a  single  lug  within  the  test 
range,  and  t'.rt  the  eouatlon  of  passive  soil  resistance  pro- 
ooaed  by  D.H.P.  Mettlaratchl  and  A.R.  Reece  is  adootable  for 
the  tested  oaddy  field  soil  In  the  evaluation  for  the  soil 
reactions  on  s  single  lug. 

A  method  to  oredlct  the  dynamic  performance  of  a  single  lug 
according  to  the  energy  distribution  under  lug-soil  Inter¬ 
action  is  ©resented. 

A  ©relinlnarily  theoreticol  study  Into  the  vertical  vibration 
of  the  nl'eel  axle  and  the  unsteadiness  of  speed  and  slip 
under  fluctuating  soil  reaction  is  presented.  It  is  shorn  on 
curve s  th.ct  the  vibrating  magnitude  of  the  •'heel  axle  is 
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1.1:  cm,  and  the  nnrnl tude  or  mate- dnea'  c"  all-  Is  10/ . 
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CRASS -OOTE  BID  8LOPB8 


a.  arsfimo 

AOBOZBT,  I.TUZS ,  140  03  PBAHA  4-CBODOV ,  CZECHOSLOVAKIA 

a  A  HTB0DUCTI01 

/  /  J 

la  lareO-eeale  farming  plowghlng  la  generall y  praetl- 
©ed  ap  to  15®  of  olopo,  tho  reason  of  thla  limitation  bolaf 
not  only  tho  safety  of  operation  bat  oloo  tho  flooronolng 
layer  of  tilth  and  erosion  ao  wo  11.  Stoopor  olopoo  aro  ge¬ 
nerally  oororod  with  grass  Aieh  la  either  harvested  or 
graced.  Tho  esperlanoo  indicates  that  adapt od  fowr-wheel 
drive  troetora  with  oonvewtlonal  tyroo  eaa  harvest  grass  f 

mad  or  favourable  conditions  on  olopoo  ap  to  20*TI®  ^  y 

troataont  and  harroot  lag  oa  olopoo  op  to  JS®  spools!  r  Acs  - 
light-weight  aaoMnoo  with  low  presswre  tyroo  aro  aood|  " 

thooo  aro  ablo  to  erooo  soma  local  gradients  ap  to  3)*^  '  /  ,  , 

Tho  layer  of  ooil  on  rooky  emb-otrata  in  newatalneowo 
roglono  io  xoond  t  to  13  on  with  tho  turf  penetrating 
to  a  depth  of  2  to  10  no.  tho  top  ooil  io  wary  donee 
ao  that  Inga  of  ooaswational  tyroo  with  a  traction  tread 
pattern  do  not  penetrate  into  onoh  a  depth  to  enable  tho 
hoaofi alary  fonotlon  of  tho  tyro  body,  letter  grip  io 
achieved  with  terra- tyroo  hawing  narrow  and  low  l^o  with 
tho  trend  pattern  *Tf  (do sly oar). 

Orodeabillty  io  ooneldorahly  lapalrod  with  Iworoaolng 
noiotwro  of  ooil  whleh  io  neatly  noaanrod  in  3  on  depth* 

Spool  woo  contain  the  root  oywton  (tnrf).  On  tho  aandy  loan 
well,  "dry*  opooiaono,  l*o.  wary  suitable  for  traction  aro 
thooo  with  wp  to  25  %  noiotwro  oontoat.  In  nowtninoono 
ooadltiana,  noiotwro  oontoat  of  30  -  40  %  la  eoaaldarod 
aa  000001,  Alia  "wot”  la  tho  ooil  with  aero  than  40  % 


moisture  content  or  nor*  than  30  %  moisture  oontont  and 
wet  surface . 

The  reasons  of  critical  situation  are  generally  the 
sliding,  then  the  overturning  dje  to  dynsmlo  effects  and 
also  ftaotlonal  shortcomings  of  the  machine . 

The  fundamental  method  of  the  experimental  research 
of  the  travel  on  hillsides  Is  tie  measurement  In  field 
conditions  with  actual  vs  hides.  The  motion  of  vehicles 
is  generally  Investigated  whan  ;hey  travel  directly  up-  or 
downhill,  along  the  contour  linn  and  when  o  one  ring  (making 
a  turn).  Though  the  reproducibility  is  not  as  high  as  In 
laboratory  testing,  the  reliability  la  considerably  better. 
The  results  depend  on  the  quality  of  the  analysis  and  on 
the  generalisation  of  the  data  measured.  With  a  certain 
risk  the  acquired  data  are  then  used  to  prediot  similar 
properties  of  other  vehicles.  The  aim  of  researoh  is  to 
maintain  this  risk  as  lorn  as  possible. 

It  seems  that  our  method  Is  similar  to  the  methods  of 
the  Scottish  Institute  of  Agricultural  engineering  (BIAS) 
at  Penicuik  (dllflllaa  1970,  Spenoer-Owen  1981  and  others) 
whose  researoh  programme  includes  the  aspeots  of  elope 
performance  of  tract ore  with  respect  to  the  safety  of 
operation. 

The  investigation  to  the  notion  of  machines  on  elopes 
is  further  bound  on  a  mere  precise  knowledge  end  under¬ 
standing  of  klnanatioa  and  dynamioe  of  the  general  plane 
motion  of  a  wheel.  An  outline  of  a  synthetic  solution, 
presented  by  Orodeafco  (1979),  principally  coalites  with 
some  newer  experimental  resalts  by  Kriok  (1971),  Seboang- 
hart  (1981)  and  See  Cls^h  Benner  (1981). 

This  paper  is  to  report  on  some  methods  end  results  of 
researoh  on  the  operation  of  vehicles  on  hillsides  with 
sene  ooaesnts  on  the  applicability  of  terrene  aha  nice. 


Traction  properties  are  generally  expressed  by  the 
relation  between  the  ooefflelent  of  gross  thrust  (s-  and 
the  slip  s  •••  a)  applied  to  transmission  of  the  tractive 
effort  (e.g.  the  travel  of  a  vehlele  up  the  slope)*  the 
so-oalled  tract ire  properties)  h)  in  the  transnission  of 
the  braking  effort  (trsrel  of  a  vehlele  doen  the  slope)* 
the  eo-ealled  braking  properties. 

4UJ. 

Tractive  properties  are  Measured  by  aocelerated  drawbar 
tests  of  vehloles  in  whloh  a  complete  speotrua  of  the 
relation  slip  -  drawbar  fores  Is  recorded  during  each  test 
ran  on  a  track  of  shoot  100  a  length  (OrwScnko  I960). 
Additional  nessur Semite  include  s.g.  the  date ruination  of 
the  effective  rolling  resistance  (i.e.  the  suauary  resistance 
of  the  driving  and  supporting  devices  of  the  vehlele  whloh 
is  counteracted  by  the  total  gross  tractive  effort). 

The  recording,  prooosslag,  analysing  and  plotting  of  the 
■assured  data  Is  earned  out  by  nodarn  methods  (Vlg.l). 

fig. 2  demonstrates  the  scope  of  differences  In  tractive 
properties  of  the  sane  tyre  on  grass-ooverwd  surfhee  due 
to  the  changes  la  sell  moisture.  If,  for  example*  the  slip 
during  the  travel  uphill  increases  up  to  the  level  of  Sj, 
the  as shins  mill  reach  the  Unit  of  sliding.  A  similar 
situation  threatens  shea  the  maohlas  is  travelling  slewed 
to  the  contour  line  of  a  elope  and  assumes  the  angle  of 
heeding  (with  respeet  to  the  contour  lias)  with  the  tangent 
equal  to  the  slip  s^  ( principle  of  equivalence,  Oredenko 
1979). 

Having  la  nlad  the  prediction  of  the  vehlele  performance 
we  have  been*  up  to  the  present,  able  to  express  adequately 
only  the  two-paranetrlo  curve  1  (bilinear  equation,  see 
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M|.1.  Rooord  of  a  V-*  -  a  r« lotion  for  driwon  whaola  of 
on  agricultural  vahielo  with  12.9/12-18  tyroo  on  d ry 
grasa-oororod  ground  t  fJ-m  and  a  aro  paraaatora  of  tha 
oonpvtwr  plottod  alip  curro  in  •bilinear  fora. 


Thxuet  -  alip  ourraa  of  a  12.9/12-18  tyro  naaaurad 
oovarad  gro and  change  with  aoiatnra  eontont  of  tha 
•••  w  •  196  }  2  •••  w  ■  386  t  3  •••  w  —  906). 
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Oredeuko  1975) .  Bxpoaantlal  foma  of  throat-slip  ourves 
1  poinding  rooont  aetheaatloal  description  of  functions 
of  type  2,  3  (Pig.  2)  by  f ong-Prcston-Th n—  c  (1963)  or* 
relatively  wiwpl*,  bat  In  view  of  tho  lnposslblllty  of 
inversion  (l.e.sllp-throst),  they  roalat  nor*  ooapUoated 
practical  applications  (aa*  part  "Prediction  of  vehlole 
ptrtw—M  ea  slopes*). 

Tba  applicability  of  tha  raaulta  of  drabber  taats  to 
the  travel  of  vehicles  op  tha  alopa  la  partly  Halted  by 
tha  foot  that  tha  drabber  testa  are  oarrled  out  on  level 
ground  where  tha  texture  and  tha  depth  of  tha  soil  layer 
taad  ta  be  different. 


Braking  properties  are  aaasnrad  on  level  ground  by 
aoeelerated  poshing  testa,  la  whloh  the  tested  vehiole 
la  poshed  forward  at  a  steplealy  increasing  apeed.  By  this 
net had,  oe  have  aehleved  negative  slips  op  to  -40  % 

(a  Unit  dae  te  directional  stability  of  the  neasnrlag 
set  of  vehicles).  Be  have  foond  that  the  braking  properties 
In  the  given  range  of  absolute  slip  vnlnea  have  been 
»  to  the  tractive  properties. 

The  slip  should  be  defined  In  both  eases  of  t motion 
aa*  braking  by  a  onlfom  fornala  containing  the  relation 
betuaen  tha  aetonl  valeelty  v  and  the  no-sllp  velocity  v^ 
(onllke  the  existing  I8TTB  glossary  of  terns)  s 

o  •  1  -  (  v/v^  )  (1) 

With  a  negative  slip  (Aid)  s  -  -1  (-100  *)  the  wheel 
la  force*  to  travel  at  tho  velocity  v  •  2  v^,  the  displa- 
oaenat  along  the  oeataot  area  being  J  •  -  •  ,  x  •  -x 
( l.e.  in  the  direction  ef  notion) |  the  locked  braking 
wheel  narks  a  Aid  s  ■  -oe ,  l.e.  there  exists  the  sane 
dlsplaeaemt  along  the  eontast  area.  The  onlfom  f omnia 
than  eonpUes  with  the  fuedansatal  roles  of  the  terrene- 
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Higher  values  of  skid  con  only  bo  achieved  by  tho 
downhill  broking  toots  whoro  tho  broking  distonoo  ot  tho 
full  broking  offort  io  aooourod  or,  proforobly,  tho  mxlmm 
dooolorotlon  (Sponoor  -  Owen  -  droonhill  1983)  on  o  function 
of  velocity.  Tho  oouroo  of  oooploto  functions  •  f  (-o) 
for  broking  is  onologouo  to  functions  h-x  •  f  ( +o)  frost 
Fig. 2  but  tho  ooiiwao  broking  foroo  cooffiolont  docs  not 
ottoin  tho  sons  high  values  probobly  duo  to  tho  foot  thot 
tho  ohool  when  broking  flootB  more  on  tho  surfoeo  (snoller 
slip-sink age)  sad  tho  trood  noy  eventually  bo  ologgod  with 
soil. 

sun  .  njUftit  m  tfrr  imftitnl 

Tho  slip  (skid)  of  o  Tohlolo  on  tho  grodiont  (Fig. 3) 
is  aost  conrroniontly  aooourod  in  o  continuous  wuy  by  aeons 
of  o  gouge  ohool.  Tho  aost  suitable  is  o  slope  with  o 
roriablo  grodiont  which  Is  swell eat  ot  tho  foothill  and 
lneroosos  towards  the  top  of  tho  slope.  In  this  way  tho 
▼chicle  slip  and  skid  wore  reoorded  os  given  in  Fig. 4. 

Inal  si  §  MfihlM  mbi  i  a ittrt 

In  order  thot  tho  aachlne  with  o.g.  steered  front 
wheels  could  travel  along  tho  contour  lino  of  tho  slope, 
its  longitudinal  axis  has  to  re suns  tho  attitude  with 
hooding  X 2  •Bd  f*wnt  wheels  hare  to  ho  turned  by  a 
drift  (slip)  angle  ^  with  respeet  to  the  contour  lino, 
l.o.  by  a  steering  angle  f  in  re lotion  to  tho  naehlno 
(Fig.5).  Tho  hooding  ocaqpenoates  tho  drift  angles  of  tho 
wheels  duo  to  the  offsets  of  lateral  foroes  on  tho  slope) 
the  drift  angles  result  fron  the  oonblnod  lateral  dioplo- 
oonont  of  tho  soil  and  tho  defamation  of  the  tyros. 

Tho  angles  y  are  thus  the  funotlon  of  tho  slope  grodiont  p. 

Tho  study  of  this  ooso  of  tho  travel  1s  of  lnportanoo 
o.g.  for  tho  designing  of  fam  vohiolos  operating  with  a 
front-wo anted  newer  (Fig.6)  t  in  ooao  of  travel  along 
tho  oostour  11ns  tho  swath  has  to  pass  between  the  wheels 


?lf.4.  lUuartd  slip  nA  skid  plotted  aplaat  the  crodlont 
d— e— tssto  riillwlty  ( four  vheel-drlren  aaohlae  ss  1b 
flf,3  with  the  lapleaeat  eianletor  rolood  |  Tory  aolot 
creee-oorsred  gromA) . 


contour  line 


rig.S.  Vh«n  eroeelng  the  hillside,  a  nhiolt  with  front 
steering  wheels  uraia  tho  attitude  with  hooding  fa  and 
otoorlng  onglo  if  (notation  of  forooa  noting  on  tho  wheels: 
H  ...  grooa  traotirs  of fort  |  X  ...  latoral  foroo  ; 

Z  ...  aoxnal  zwaotioa  foroo  }  H#  ...  oztoraal  rolling 
roolotaaoo  of  driving  whoola  |  ...  internal  rolling 

reslot anew  of  free-rolling  ahoela  |  1^  ...  total  rolling 
reoiatanoo) . 


m\ 
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‘  standing  crop • '  .  -  ,  • 
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Flg.6.  An  agrioaltnrnl  naehlno  nooing  forage  along  tho  oon- 
tovr  line  of  a  gradient  anet  not  tonoh  either  the  etandlng 
crop  or  tho  noon  owath. 
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of  the  naohlne  without  being  overriden  and  tha  wheels  wnst 
not  rids  over  ths  edge  of  the  standing  orops.  If  e.g.  tbs 
angle  f2  ■  4°  U  •  Halting  factor,  than  the  re  epee  tire 
gradient  0  aarto  tha  BazlaaB  slops  on  whloh  tha  eehlola 
can  successful?  operate.  Tha  relation  jr2  ■  *  (•)  should 
be  possibly  flat. 

Tha  aeaaureaaat  of  the  heading  of  the  naohlne  la 
readily  par fb read  by  as  ana  of  two  seta  of  sprinklers  of 
tha  oar  eleotrle  windshield  washer  (Vlg.7).  The  nosslaa  of 
the  two  Indl pendent  sprinkler  sets  are  fastened  on  two 
spots  parallel  with  the  axis  of  the  nankins,  near  to  tha 
ground.  When  tha  naehlaa  Is  traTelllng  along  the  contour 
line,  a  washable  paint  la  sprayed  In  a  oonoent rated  bean 
through  the  nee  alee  onto  the  noun  surfaee.  Tha  angla  of 
heading  of  tha  naohlne  then  aguala  t 

r2  *  arc  sin  (d/a)  (2) 

Q  one  rally  indeed,  the  nossles  sen  be  positioned  In  any 
two  arbitrary  spots.  It  Is  than  ooneanlant  to  spray  two 
different  colours  of  paint  and  the  foruula  for  the 
angle  heoouee  only  a  little  nore  oonplleated. 

The  nethod  deserlbed  above  was  used  to  deterulao  the 
values  of  headings  to  the  contour  line  of  a  hillside  naohlne 
equipped  alternatively  with  different  tyres  as  Illustrated 
In  flg.8.  further  craulnsd  was  the  lnfluanoe  of  the  speed 
of  travel  up  to  12  ka/h  on  the  heading  of  the  naohlne. 

On  rough  ground  the  heading  rather  tends  to  lnorease  with 
the  speed  of  travel  (the  bunpe  throe  the  naohlne  sideways) 
while  on  saooth  ground  It  renal  ns  unchanged  or  even  de¬ 
creases  (rheology  of  tha  lateral  deforaatlaac  and  the  side 
slip) . 


r 

? 


Plf.6.  ItouDNd  nlwi  of  hsadlag  in  relation  to  tho 
gradient  3  (|mmj  alopo)  for  a  fear  nheol-drlTen  vohlelo 
ofdp«4  with  term-tyros  38x20.00-16.1  (1)  or  standard 
tyros  12.5/12-10  (2). 


.T». 


ChmetMline  — dwwm  pirfonN  and  mum  on 
the  slop*  oflqpriN  t 

a)  an  ability  to  nor*  oat  direotly  uphill, 

b)  an  ability  to  brake  to  a  atop  directly  dean  tha  alopo 
in  function  of  velocity, 

o)  a  half  eirele  (V)  turn  at  tha  and  of  a  donnalopa  run 
la  function  of  velocity. 

Tha  aaaauranaata  arc  being  nado  la  oounaotlon  with  tha 
aaaooanant  of  tha  gaadeablllty  of  aaehlnoa. 


The  eontaat  area  of  a  tyre  varies  bath  la  ahapa  and 
alaa  when  travelling  along  tha  eoatour  llaa.  The  ahapa 
relatea  to  tha  diatribotion  of  tha  ooataot  preaaure,  uhleh, 
together  with  tha  tread  pattern,  affect  the  lateral  grip 
propertleo  of  tha  tyre.  A  aohana  of  a  apeelal  at  and 
•cabling  to  taka  printa  of  a  contact  area  up  to  a  gradient 
of  X>°  la  ahoen  in  Mg.9  together  with  apaelnana  of  atatlo 
printa  of  the  BaTtai  15,9  -  26  B  tyro* 


The  printa  hare  helped  to  reveal  that  tha  naan  ooataot 
preoaoro  of  tha  daaialva  doenalopa  tyraa  of  a  tractor  tra¬ 
velling  along  tha  eoatour  lino  renalne  nearly  unobamgad 
for  tha  variatlano  of  tha  gradient  fTon  0  to  30°. 


The  relationship  of  the  gradient  tha  aaahlno  can  nag 
tlate  to  tha  allp  dataralaod  fren  earlier  naaanranonta 
nahoa  a  useful  diagren.  The  oonputad  eurvaa  In  fig*  10  are 
baaed  on  naaaurad  data  (a  ■  f  far  tha  aandltlona 

aa  follaasi 


fl«.9.  Sobaaatlo  Avowing  of  •  ataal  ohsro  tho  goowotry  of 
tyroo  oa  on  laollaoA  pitas  was  otailsd  oad  too  ssaplos  of 
Bona  15.5-85  Si  tyro  laprlots. 
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Slip  S,% 

rig.  10.  A  oowpvtod  dltgroa  predicting  tho  porfocatnos  of 
ogrloaltartl  rohlols  Aon  soeondlag  •  slop#  for  dlfforoat 
conditions  |  tho  top  of  sash  oorro  lailottoo  tho  Halting 
Mint  olopo  am A  tho  roopootlro  slip. 
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»la»»  **r  11at 

fka  pwpoH  la  to  daaariba  the  Irtmaatio  and  dymalc 
•tata  (situation)  of  a  naohina  with  respect  to  tho  angle 
of  alopo  0  by  tbo  following  quantities  at  loaat  t 
klaanatle  t 

-  slip  and  steering  angles  JT1  |  Jj  I  f 

-  speed  of  travel  along  tbo  oontonr  Una 

-  revolution  ratio  of  tbo  upalope  and  doanalopo  vhaala 
ahan  the  aria  differential*  are  operating 

dynaado  i 

-  noznal  reaction  forooa  S  on  all  nbaola 

-  groaa  t  root  Ire  effort*  ■  on  all  driving  nbaola 

-  lateral  force*  T  on  all  abaci* 

-  rolling  ra*l*taaoa*  B  of  all  ahaol*. 

tba  *lnplo*t  alternative  (a  tea  aria  vehicle  with  a 
too  ehael  drive  and  differential  leaked)  la  a  three- 
dlnan* lonal  eaae  three  tinea  atatleally  indeternlnate 
wbleh  la  tba*  da*arlbad  by  alx  eqalllhrlua  agnation*  and 
thro*  tefomatlen  ognatlon*. 


▲11  deformation  aquations  describing  th •  interaction 
of  the  supporting  —  nhonl  an  of  tho  vohiole  with  tbo  ground 
•zw  based  oa  tho  relations  bo two on  tho  velocities  of  two 
eupperting  Mahers  (e«|.  the  wheels)  la  the  directions  2 
sad  2  (*ig»9).  lo-sllp  velocities  of  the  wheels  v^  express 
the  klnsnatlo  ties  of  the  drive,  the  aetwal  velocities 
of  the  wheels  v  are  bowad  by  the  condition  of  etlffaees 
of  the  aaohlne  as  a  Mehanleal  body.  The  relationship 
of  the  velocities  should  be  transformed  Into  the  relation¬ 
ship  of  the  dip  values  end  also  of  the  tangents  of  drift 
(slip)  angles.  These  quantities  oaa  be  expressed,  according 
to  the  slip  end  drift  theory  of  the  wheel  notion  (Oredenko 
1979),  by  force  effects  so  that  the  result  will  be  the 
relationship  among  the  forces,  In  other  words  the  wanted 
deformation  equation. 

The  solution  Is  based  on  the  known  relationships! 


s  < 

-  u  .  COS  ^ 

(3) 

*9r 

u .  sin  i 
i  -  s 

(4) 

gradient  of  defer 

nation  equals! 

u  -  J 

2 

u,  j  (L  .VH‘.y*/z 


the  angles 


of  the  resultant  force  with  the  wheel  planet 


inserting  into  fornulae  (3,  4)  provides  the  required 
expression  for  the  Blip  a  and  toucan*  of  the  drift  (slip) 
engle  f  i 


s  .  H  (7) 

n  ' 


t9r 


m  .  Y 
h-m .  H 


where 


m  -  us  .  (  3Z.^tm  -  2  fa*  )  { 
n  •  2  Z  .  ( 2 .  ^a.ih  -  Vh*-  ♦- Y%  ) 

The  rolling  reelstanee  K  In  the  plane  of  the  wheel  re- 
aalna  pnaotloallp  eonetant  up  to  the  angle  r  ■  3°  ♦  40° 
nhloh  has  been  again  support ed  hgr  the  aaalpsls  of  the 
reseat  — seursaaate  bp  Bnhweughart  (1901)  and  oooo lesions 
drawn  bp  Ooe  Clo««h  -  8 saner  (1901). 

A  slaple  enunple  how  to  fomulate  and  applp  the  defor- 
aatlea  equation  la  given  la  the  Appendix. 

It  follows  that  the  defomatlon  equations  eaa  snip 
be  derived  bp  we  awe  of  relatione  (9)  where  the  gradient 
of  defamation  is  stressed  expUeltelp  (e.g.  equation  (9) 
mth  I  -  0  reprseaate  the  relationship  between  the  slip 
and  the  coefficient  of  gross  tmetlsn  (thrust)  px). 

All  the  known  equations  for  the  gross  tractive  effort 
(or  the  gross  treat  ion  coefficient)  as  a  fmetioa  of  slip  of 
the  o^nuantlsl  tppe,  l.e.  eoaprlslng  sons  nshbers  lx  the 
fosn  1/x  ant  e~*  lack  the  qualltp  te  express  the  slip  (or 
general lp  the  gradient  of  defamation)  explicits lp  and  thus 
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gradient  p° 


M4.11.  Oospstod  itlMt  of  hoatlag  ffe  of  an  agrlooltsral 
hi 11*1 do  aaohlao  travailing  aloag  tho  ooatoor  lino  of  a  toy 
Cro—  ootojoA  oloyo  iltk  •  gradlost  fi  plottod  together  with 
osporlsostal  ralaoo  1  the  n— potod  etoorlag  osgle  »f  of  the 
frost  afeeolo  lo  fires  la  the  loser  rootles  of  tho  graph 
(1  ...  terra-tyree  16*20.00-16.1  |  2  ...  otandard  12.5/12-16 
tyre#  |  A  ...  frost  Boost o4  dloo  sow  I  B  ...  roar  Boost od 
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can  hardly  be  need  In  these  laportaat  appll oat lone. 

By  man*  of  the  allp  and  drift  theory  of  tha  vheel 
notion  tha  relevant  defamation  equations  for  different 
kinds  of  drives  of  tvo-axle  rohloloa  vara  aaoeeee fully 
foxvnlatad  and  tha  resulting  aata  of  non-linear  algebraic 
equations  solved  oa  a  conpoter.  Figaro  Y1  presents,  for 
lnstanoe,  a  coapoted  lntarpratat loa  of  tha  neaaured  angles 
for  a  hlllalda  vehicle  vhioh  la  travelling  along  tha  contour 
lino  of  a  gradient  P  •  tha  vehicle  with  two  axlea  baa  an 
all  vhaal  drive  and  tha  axle  different lala  in  aotlon  (tha 
oaaa  vaa  aolvad  aa  6  tinea  atatloally  indefinite).  In 
■sssnranents,  tha  vehicle  vaa  alternatively  equipped  with 
tv©  klada  of  tyrea  and  an  attached  Inploewnt,  front  -  or 
reamounted.  tha  oaupvtatlon  haa  again  oonflmed  tha 
praotloal  value  of  tha  theory  vhioh  la  able  to  provide 
valuable  lnfornatlon  on  the  behaviour  and  paraaatora  of 
tha  vehiola  and  af  tha  aarl—  a  lope  vhioh  the  vahlole 
oan  negotiate. 


tha  raaaareh  into  the  hlllalda  porfornanee  of  vahleloa 
la  one  of  the  probleue  of  tarranenhaiiloa  that  ahift  the 
aeopa  of  the  aolution  into  too  dlneaslens,  ohaok  up  tha 
validity  and  applicability  of  thaorlaa  end  offer  nev  toploa 
for  aolution. 

It  appoaro  that  tha  tve  illnenalonal  (plana)  problena 
la  tha  naehanioo  of  off-tha  read  veMolaa  eon  auooaaafully 
be  aolvad  by  — one  of  elaaaloal  terrene Bhanloo  in  the 
eplrlt  of  l.Q.lakhor  though  the  aanae  of  the  old  good 
quantities  auoh  aa  ■cohesion"  or  ■internal  friction*  nay 
have  to  bo  rovaluatod.  Bonn  of  tha  assunptlone  of  tha 
aoadanle  traction  thaory  loooo  their  validity  on  grace  oove- 
rad  ground  or  on  oonpaot  aurfaoo  (e.g.  the  Inga  of  tha  tyre 
hardly  penetrating  the  aeil  vhioh  Indeed  in  not  honageman) 


but  ob  tho  other  band  without  thOM  aeataptlona  the  eolu- 
tloa  would  beoone  orrutlo. 

tho  expert aaoe  lndloatea  that  only  auoh  traction  ton m* 
loo  aay  find  uaa  la  tho  treat  want  of  aero  eoapl looted  pro- 
bleaM  dealing  with  tho  perfomanoe  of  vehlelee  whleh  enable 
to  exproao  a  defomatloa  quantity  (e.g.  allp)  explloltely. 

The  allp  and  drift  theory  provee  poaltlre  reaulta  In 
the  eolation  of  klnenatie  and  dynanio  aepeota  of  the  hlll- 
alde  travel  of  a  vehicle ,  the  reaeona  being  a a  followat 

-  tho  theory  reeelvee  the  moulting  foroe  effoet  on  the 
drifting  wheel  In  the  ground  plane  into  oonponente  In 
the  direction  of  the  wheel  plane  and  wheel  axle  (thla 
being  by  no  aeane  a  fomallty,  aa  in  thla  oaee  the  groea 
tractive  effort  een  be  expreaaed  In  agroonent  with  olae- 
eloal  oonoepte  and  the  rolling  meietanee  renalna  nearly 
independent  of  the  allp  angle  of  the  wheel)* 

-  the  theory  enablea  to  fomulate  the  deforaatlon  equatlona 
doeortbing  atatioally  indefinite  neohanloal  eyatene  by 
Beene  of  a  bilinear  fomula  for  the  gradient  of  defome 
tlon  whioh  haa  been  tho  only  one  till  now  enabling  to 
expreaa  the  gradient  explloltely* 


The  following  prehlen  la  givani  to  derive  forealae  for 
the  diet rlhnt ion  of  the  greea  tractive  foroee  &,  end  Bj 
between  two  einllar  axlee  1  and  2  of  a  tractor  with  four- 
wheel  drive  (an  elenentery  oaee  atatioally  indefinite  oaee) 

Three  equUlbrlua  eqwaticne  een  he  written  fren  whioh 
fellow  e.g.  the  nemal  reaction  foroee  on  the  axlee  and 
l|  Ml,  fart  timer  ■,  the  total  green  tractive  effort 
S  ■  ft|  ♦  >2  ae  a  fmotloa  of  the  deewber  feme  F. 
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The  deformation  aquation  follows  from  the  kinematic 
relations  t 

Tt1  *  *t 2  *  T1  *  *2 
dividing  these  equations  gives 

T1/Tt1  *  T2/rt2 

or,  in  view  of  the  former  equation  (1)s 

1  -  e1  ■  1  -  Sj  and  thust  «|»a 
The  slip  of  the  two  axles  is  equal,  Aoeordlng  to  (3)  t 

s  «  ^  ~  2H  )  ^  ^ 

2Z-/U.in  (Z..|U.m  -  H) 


m  ^d^^WI  ~  ^  H/g)  _  H 

2^-m  '  H/Z)  Z. 


f(-H-).  f  (M,) 


Therefore t  f  (H1/*1 )  -  f  (Hj/Ij)  resulting  in  » 

^  ‘  <u'*«  "  ^L*» 

This  is  the  desired  deformation  equation  whleh,  together 
with  the  condition  I  ■  ■1  ♦  Hg  ,  results  In  i 

*i  t,  iv  •  “ 
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ABSTRACT 

i 

Trailed  farm  tankers  in  Britain,  which  are  generally 
used  either  for  slurry  spreading  or  crop  spraying,  have  become 
very  large  in  recent  years.  The  fluid  contents,  which  may  be 
four  times  a.  heavy  as  the  towing  tractor,  will  move  under 
gravity  inside  a  partly  full  tanker  and  this  introduces 
problems  while  driving  on  slopes,  which  have  not  been 
recognised  previously.  The  fluid  movement  will  affect  both 
the  stability  of  the  tanker  and  the  control  of  the  tractor 
and  trailer  cosibinat ion .  Recent  accidents  where  tankers 
overturned  due  to  loss  of  stability,  and  where  tractor  and 
trailer  cosibinat ions  slid  downhill  due  to  loss  of  control  led 
to  extensive  research  on  tankers.  /In  this  paper,  the  centre 
of  gravity  analysis  of  fluid  in  tanks  and  the  stabiTlty  "  / 

analysis  of  tankers  are  both  reviewed,  a  full  treatisent  being 
given  elsewhere.  The  control  analysis  of  tractor  and  trailer 
combinations  is  presented,  and  this  is  followed  by  a  discussion 
of  the  problems  facing  tractor  drivers  with  trailed  tankers. 

Tankers  behave  unpredictably  because  the  characteristics 

change  continuously  whils  ths  contents  are  emptied,  for 

example  during  slurry  spreading.  The  most  dangerous  condition  J 

for  working  on  slopes  nay  be  when  the  tanker  is  nearly  empty,  | 

unlike  other  trailers  which  are  normally  safe  when  nearly  j 

empty .  f 


SOME  STABILITY  AND  CONTROL  PROBLEMS 


WITH  TRAILED  FARM  TANKERS  ON  SLOPES 

INTRODUCTION 

In  recent  years  the  size  and  number  of  machines  on 
British  farms  with  fluid-filled  tanks,  mainly  slurry  tankers 
and  crop  sprayers,  have  greatly  Increased.  Some  of  these 
tanks  have  a  fluid  capacity  of  up  to  14,000  1  (fluid  weight 
14  tl1'^  which  may  be  four  times  as  heavy  as  the  weight  of 
the  towing  tractor.  When  a  farm  tanker  is  driven  onto  aslope, 
the  fluid  will  find  its  own  level  in  the  lower  part  of  the 
tank  unless  the  tank  is  completely  full.  This  results  in  a 
movement  of  the  centre  of  gravity  of  the  fluid  within  the  tank 
which  may  have  a  large  influence  on  the  stability  of  the 
tanker.  It  may  also  affect  the  weight  transfer  from  the 
tanker  onto  the  tractor,  thus  influencing  the  control  of  the 
tractor  when  driving  on  a  slope.  Further,  when  the  tanker  is 
in  work  its  contents  are  discharged  onto  the  field  so  that 
both  stability  and  control  change  progressively. 


Fig.  1  Typical  trailed  farm  slurry  tanker. 

When  the  driver  is  working  with  a  tanker  like  that  in 
Pig.  1  he  has  virtually  no  means  of  assessing  these  changes 
from  his  driving  seat,  and  is  unable  to  gauge  whether  it  is 


safe  to  drive  the  tractor  and  trailed  tanker  onto  a  particular 
slope.  Two  examples  may  be  given  of  accidents  with  trailed 
tankers,  one  due  to  loss  of  stability  and  one  due  to  loss  of 
control,  both  in  unexpected  circumstances. 

In  the  first  example,  a  partly  full  slurry  tanker  over¬ 
turned  in  a  field  of  slope  24s.  Using  existing  methods  of 
stability  analysis  for  a  trailer  with  a  fixed  centre  of 
gravity  ,  the  stability  limit  (i.e.  overturning  slope)  for  the 
empty  tanker  was  computed  to  be  37s,  and  for  the  full  tanker 
28s,  both  values  greater  than  the  actual  overturning  slope. 
Using  an  approximate  estimate  of  the  centre  of  gravity  of  the 
fluid  in  the  partly  full  tanker  on  a  slope,  the  stability 
limit  was  calculated  to  be  23s  which  was  less  than  the 
stability  limit  for  the  tanker  when  either  empty  of  full. 

In  the  second  example  a  tractor  was  pulling  a  partly  full 
slurry  tanker  uphill  in  a  grass  field  of  slope  11s  when  the 
tractor  driving  wheels  started  to  slip,  and  the  whole  outfit 
slid  backwards  to  the  bottom  of  the  hill  and  overturned.  The 
tractor  and  slurry  tanker  had  already  been  driven  across  the 
same  slope  with  no  apparent  safety  problem.  Again  using  an 
approximate  estimate  of  the  centre  of  gravity  of  the  fluid  in 
the  partly  full  tanker  on  a  slope,  the  control  limit  (i.e.  the 
slope  on  which  the  outfit  would  start  sliding)  was  calculated 
to  be  11s  for  uphill  travel,  12s  for  downhill  travel,  and  22s 
for  travel  across  the  slope. 

The  first  stage  in  improving  the  estimation  of  tanker 
stability  was  to  develop  a  centre  of  gravity  analysis  of  fluid 
in  inclined  tanks.  This  is  described  in  a  separate  paper4. 

The  analysis  was  confined  to  fluid  in  tanks  of  circular  or 
rectangular  cross-sections  because  most  farm  tankers 
approximate  to  one  or  other  of  these  shapes;  in  fact  the 
tankers  in  the  cases  described  above  represented  one  of  each 
type.  The  second  stage  was  to  develop  a  stability  analysis  of 
tankers  by  combining  the  new  centre  of  gravity  analysis  of 
fluid  in  tanks  with  the  existing  stability  analysis  for  fixed 
centre  of  gravity  trailers,  as  described  in  a  second  paper*. 

The  purpose  of  the  present  paper  is  to  review  the  work  on 
tanker  stability  and  to  present  an  extension  of  this  work 
which  covers  the  control  of  tractors  driven  on  slopes  with 
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trailed  tankers.  The  problems  of  assessing  safety  on  slopes 
when  driving  tractors  with  trailed  tankers  are  discussed  also. 
The  discussion  may  have  wide  application  for  tankers  other 
than  those  for  farm  use,  and  will  apply  to  tankers  filled  with 
liquids  such  as  water,  or  granular  solids  such  as  grain,  which 
have  fluid  characteristics.  A  related  topic  which  is  not 
covered  is  that  of  fluid  sloshing  in  tanks.  For  example,  an 
analysis  of  this  problem  is  given  by  Bauer6  in  which  he 
demonstrates  that  the  dynamic  effects  of  sloshing  may  severely 
affect  the  stability  of  road  tankers  during  manoeuvres  such  as 
braking.  Only  the  problems  related  to  static  centre  of  gravity 
shift  are  covered  here. 

CENTRE  OF  GRAVITY  OF  FLUID  IN  A  TANK 

The  standard  method  of  calculating  the  centre  of  gravity 
of  a  body  relative  to  fixed  axes  is  to  find  the  sum  of  the 
■toments  of  mass  about  each  axis  and  to  divide  each  sum  by  the 
total  mass.  Where  the  relevant  values  are  not  already 
tabulated  because  the  shape  of  the  body  is  not  simple  or  not 
cosson  then  integration  must  be  used  to  find  the  sums.  In 
many  cases  the  method  of  calculation  must  be  further  extended 
by  decomposition  of  the  body  into  a  number  of  parts  each  of 
which  is  easier  to  calculate  individually  than  the  body  as  a 
whole.  It  is  often  necessary  to  shift  and  rotate  sets  of 
axes  relative  to  the  fixed  ones  in  order  to  simplify  the 
calculations  for  the  several  parts.  This  approach  is  effective 
and  straightforward  to  apply  when  the  body  is  solid.  With 
fluid  contained  in  a  tank  the  same  approach  must  be  applied 
repeatedly  because  the  fluid  assumes  a  shape  which  changes 
continuously  as  the  attitude  of  the  tank  changes  relative  to 
vertical,  or  the  tank  is  filled  or  es^tied. 

The  photograph  in  Fig.  2  shows  a  model  of  a  two-wheel 
farm  tanker  hitched  at  the  front  to  a  post  in  place  of  a 
tractor.  The  tank  mounted  on  the  trailer  frame  is  a  right 
circular  cylinder  which  is  transparent  to  show  the  fluid 
inside.  The  displaceswnt  of  the  fluid  under  gravity  in  the 
tank  is  shown  clearly  in  this  photograph.  The  centre  of 
gravity  of  the  fluid  has  shifted  considerably  from  the  position 


at  the  centre  of  the  tank  which  it  would  occupy  when  the  tank 
was  full.  The  two  orthogonal  reference  lines  on  the  end  of 
the  tank,  which  are  square  to  the  trailer  frame,  indicate  that 
the  fluid  surface  now  lies  at  an  angle  to  each  reference  line 
and  at  an  angle  to  the  longitudinal  axis  of  the  tank.  It  may 
be  appreciated  that  although  the  fluid  shape  shown  in  the 
photograph  is  relatively  simple  it  is  not  a  shape  for  which 
one  would  expect  to  find  centre  of  gravity  data  already 
tabulated.  Even  for  this  relatively  simple  case,  the 
calculation  to  find  the  centre  of  gravity  coordinates  related 
to  fixed  axes  at  the  centre  of  the  tank  is  quite  extensive. 


Pig.  2.  Model  of  a  farm  tanker,  e.g.  a  crop  sprayer, 
with  a  transversely  mounted  tank,  showing 
the  fluid  inside. 

The  particular  example  illustrated  is  for  one  quantity  of 
fluid  in  a  tanker  resting  at  one  heading  angle  a  relative  to 
the  slope  line  PP,  on  one  slope  8.  If  any  of  these  parameters 
changes  then  the  fluid  shape  within  the  tank  will  change  and 
the  entire  centre  of  gravity  calculation  must  be  repeated. 

Por  example,  if  the  quantity  of  fluid  shown  in  Fig.  2  was 
increased  then  the  shape  might  become  one  that  was  truncated 
at  both  ends  of  the  tank,  rather  than  at  one  end  as  shown, 
while  an  alteration  in  either  a  or  8  would  change  the  shape  of 
the  fluid.  A  complete  centre  of  gravity  analysis  of  fluid  in 
a  tanker  on  slopes  requires  the  calculations  to  be  made  for 
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all  quantities  of  fluid  in  the  tank,  with  the  tanker  facing 
along  all  heading  angles,  on  all  slopes. 


Fig.  3  a  lb  Various  fluid  shapes  In  a 
c Id  rectangular  tank.  See  text. 


Fluid  in  a  rectangular  tank  assumes  shapes  which  are 
considerably  more  complicated  than  in  the  circular  tank.  A 
model  tanker  with  a  rectangular  tank  is  shown  in  Fig.  3.  In 
Fig.  3a  the  fluid  is  bounded  by  its  horizontal  surface  and 
four  tank  faces  i  the  bottom,  the  top,  one  end,  and  one  side. 
In  Fig.  3b  the  identical  quantity  of  fluid  assumes  an  entirely 
different  shape  due  to  moving  the  tanker  round  to  an  increased 
heading  angle  on  the  same  slope.  The  fluid  now  contacts  five 
tank  faces.  In  Fig.  3c  the  slope  is  reduced  and  the  tanker  is 
returned  to  the  original  heading  angle.  In  Fig.  3d  the  tanker 
is  at  the  original  heading  angle  and  on  the  original  slope  but 
the  quantity  of  fluid  is  greater  and  it  now  contacts  all  six 
faces.  A  complete  analysis  of  fluid  in  rectangular  tanks 
requires  the  entire  range  of  possibilities  to  be  evaluated, 
many  sore  than  those  11  lustrated  here. 

STABILITY  OF  TANKERS 


After  determining  the  centre  of  gravity  of  fluid  within 
the  tank,  the  influence  of  the  fluid  on  the  overall  centre  of 
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gravity  of  the  tanker  must  also  be  found.  This  is  impossible 
to  ]udqe  qualitatively;  a  smaller  quantity  of  fluid  which  is 
free  to  move  a  larger  distance  within  the  tank  may  have 
greater  influence  than  a  larger  quantity  free  to  move  a 
smaller  distance,  or  vice  versa.  The  process  of  calculating 
the  stability  of  a  tanker  is  an  iterative  one.  First  an 
estimate  of  the  stability  limit  (i.e.  the  slope  on  which  the 
tanker  will  tip  over)  is  made;  the  overall  centre  of  gravity 
of  the  tanker,  including  the  fluid,  is  calculated  taking 
account  of  the  fluid  position  for  this  slope;  then  the 
stability  limit  is  calculated  with  this  overall  centre  of 
gravity.  The  centre  of  gravity  must  be  revised  for  each  new 
calculation  of  stability  limit  until  the  values  converge.  This 
must  be  done  for  all  quantities  of  fluid  in  the  tank  and  for 
all  tanker  heading  angles. 

Because  of  the  complexity  of  the  method  described  it  was 
essential  that  experimental  checks  were  used  to  confirm  that 
both  the  stability  analysis  and  the  computer  programming  used 
to  implement  it  were  accurate.  The  approach  was  to  carry  out 
extensive  checks  with  physical  models  for  which  slope  and 
heading  angles  were  easy  to  adjust  and  there  were  no  safety 
problems,  and  to  carry  out  limited  checks  with  a  full-scale 
tanker. 

The  models  used  were  those  illustrated  in  Figs  2  and  3, 
set  on  an  adjustable  sloping  board.  A  protractor  scale  was 
laid  out  on  the  board  to  Indicate  heading  angle.  The 
transparent  tanks  were  marked  with  a  scale  on  the  side  to 
indicate  the  quantity  of  fluid.  The  stability  limit  for  each 
tanker  was  measured  by  inclining  the  board  until  the  tanker 
started  to  tip  :  either  a  wheel  lifted  from  the  board  or  the 
hitch  lifted.  The  dimensions  of  the  tankers  were  measured  and 
the  centre  of  gravity  of  each  when  empty  was  estimated  from 
knife-edge  measurements.  The  computed  values  of  stability 
limit  were  plotted  against  the  experimental  ones  and  the 
agreement  was  found  to  be  very  close. 

The  full-scale  measurements  were  made  with  the  small  farm 
slurry-tanker  of  circular  cross-section  shown  in  Fig.  1.  The 
tanker  and  tractor  were  fitted  sideways  on  three  beams  placed 
under  the  two  sets  of  tractor  wheels  and  the  tanker  wheels, 
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respectively.  The  load  under  the  upper  tanker  wheel  was 
measured  with  an  electronic  weighpad  fitted  into  the 
appropriate  beam.  Clearly,  if  the  load  under  the  tanker  wheel 
approached  zero  as  the  tanker  was  tipped,  then  the  tanker  was 
approaching  the  point  of  overturn.  In  this  way  the  stability 
limit  of  the  tanker  was  estimated.  The  experiment  was 
repeated  with  four  different  quantities  of  fluid  in  the  tank 
from  empty.  A,  to  completely  full,  D,  Fig.  4.  The  line  marked 
'fluid*  in  the  figure  gives  the  computed  results  for  the 
tanker  and  it  is  seen  that  the  experimental  values  of 
stability  limit  lie  close  to  it.  These  values  are  applicable 
to  only  one  heading  angle  which  is  where  the  tanker  lies 
directly  across  a  slope.  The  line  marked  'solid'  is  a  plot  of 
computed  values  of  stability  limit  with  the  weight  of  fluid 
added  to  the  tanker  but  held  solid,  so  that  no  fluid  movement 
is  allowed.  The  difference  between  the  two  lines  gives  the 
effect  due  solely  to  fluid  movement.  The  figure  shows  that 
for  this  particular  tanker  there  is  a  continuous  decrease  in 
stability  as  the  tanker  is  filled.  The  least  stable  condition 
is  when  the  tanker  is  completely  full. 

Stability  values  were  also  computed  for  a  different 
tanker  of  almost  rectangular  cross-section.  In  fact,  the 
tanker  was  the  one  which  overturned  in  the  first  accident 
mentioned  in  the  Introduction.  The  plot  of  stability  values 
for  this  tanker.  Fig.  5,  is  entirely  different  from  that  shown 
above.  Stability  does  not  decrease  continuously  as  the  tanker 
is  filled  but  reaches  a  minimum  at  J  before  rising  to  the 
value  for  the  tanker  completely  full  at  I .  At  the  minimum 
point  the  tanker  is  about  3*  less  stable  than  when  completely 
full,  and  over  the  entire  range  between  a  fractional  tank  fill 
of  0.2  to  0.9  the  stability  is  less  than  when  completely  full. 
This  effect  is  due  to  the  great  freedom  of  movement  of  the 
fluid  within  the  rectangular  tank,  and  is  highlighted  by 
plotting  the  difference  between  the  'solid'  and  'fluid'  lines 
in  the  lower  part  of  the  figure.  When  the  tank  fill  is  only 
0.2  at  K,  the  reduction  in  stability  limit  due  to  fluid 
movement  within  the  tank  is  10*. 
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CONTROL  OF  TANKERS  ON  SLOPES 

Trailed  equipment,  especially  behind  a  two-wheel  drive 
tractor,  is  likely  to  push  or  pull  the  tractor  out  of  control 
on  a  slope.  After  a  certain  critical  slope  is  reached  the 
tractor  and  trailer  will  slide  downhill  under  gravity  out  of 
control.  The  problem  is  worst  on  hard  ground  covered  by  grass 
surfaces,  which  can  be  very  slippery,  and  with  heavy  trailed 
equipment  such  as  forage  harvesting  equipment^.  Slurry 
tankers  introduce  the  additional  problem  that  the  weight 
transfer  from  the  tanker  onto  the  tractor  changes  continuously 
while  the  tanker  empties.  This  means  that  the  grip  which  the 
tractor  wheels  are  able  to  maintain,  which  is  directly 
proportional  to  the  weight  on  those  wheels,  will  also  change 
cont inuously . 

Values  of  critical  slope  were  calculated  for  a  tractor 
and  trailed  tanker.  The  particular  machines  were  again  taken 
from  the  first  accident  example  mentioned  in  the  Introduction. 
The  calculations  were  restricted  to  direct  uphill  and  downhill 
travel  because  usually  these  are  the  directions  on  which  the 
critical  slopes  are  minima.  Along  these  directions  the  only 
wheels  to  have  grip  on  the  ground  are  the  tractor  driving 
wheels  since  the  others  are  free  to  roll.  Along  other 
directions  all  the  wheels  have  grip  sideways  which  Increases 
the  critical  slope  values.  A  plot  of  critical  slopes  for 
direct  uphill  and  downhill  travel  is  given  in  Fig.  6.  This 
calculation  was  made  under  the  assumptions  that  the  friction 
coefficient  between  the  tractor  driving  wheels  and  the  ground 
was  0.76,  and  that  the  rolling  resistance  coefficient  at  the 
tractor  front  wheels  and  the  tanker  wheels  was  0.0S.  The 
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former  value  is  the  highest  value  measured  locally  ,  chosen 
for  these  calculations  in  order  to  emphasise  certain  features 
of  tractor  control  with  tankers.  The  latter  value  is  a 
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typical  one  . 

When  the  tanker  is  full,  at  L,  the  uphill  and  downhill 
critical  slopes  are  nearly  identical,  but  as  the  tanker 
empties  these  values  diverge  until  when  the  tanker  is  about 
half-full,  at  M,  the  downhill  critical  slope  exceeds  the 
uphill  value  by  over  3*.  As  the  tanker  empties  further  the 
point  is  reached  at  N  where  the  two  critical  slopes  coincide 


again.  During  tho  period  when  the  laBt  fluid  la  emptied  from 
the  tanker,  at  P,  the  two  values  again  diverge  but  this  time 
the  uphill  critical  slope  exceeds  the  down-hill  value.  When 
*he  tanker  is  empty  the  difference  in  value  is  9°. 

These  features  are  evident  from  the  particular  example 
chosen  with  an  extreme  value  of  friction  coefficient.  With  an 
average  value  of  friction  coefficient  between  tractor  tyres 
and  grass  of  0.4  the  picture  alters  considerably,  Fig.  7.  The 
uphill  and  downhill  critical  slopes  are  no  longer  close  when 
the  tanker  is  full  at  R.  Instead  the  downhill  value  exceeds 
•ie  uphill  value  by  about  3°  over  the  whole  period  when  the 
tanker  empties,  S.  It  is  only  when  the  tanker  Is  almost 
completely  empty,  T,  that  the  values  converge  again.  These 
values  do  not  necessarily  cover  the  whole  range  of 
possibilities  for  movement  of  the  values  of  critical  slope  but 
tl  y  do  serve  to  indicate  that  there  are  continuous  changes  as 
the  quantity  of  fluid  in  the  tank  changes. 

DISCUSSION  OF  DRIVING  ON  SLOPES 

Driving  tractors  with  trailed  tankers  on  slopes  introduces 
problems  of  safety  which  have  not  previously  been  recognised. 

It  is  difficult  for  the  driver  to  perceive  the  dangers  which 
may  arise  when  working  with  trailed  tankers,  and  it  is 
virtually  impossible  for  him  to  assess  his  safety  margin.  The 
problems  of  working  with  trailed  tankers  may  be  discussed  most 
easily  in  relation  to  the  known  causes  of  accidents  with  other 
farm  machinery  on  slopes10,11'12. 

Tractors  themselves  are  relatively  stable13  and  unlikely 
to  overturn  alone  unless  driven  onto  very  steep  side  slopes  or 
driven  at  high  speed  especially  when  cornering1*.  When  used 
with  trailed  equipment,  it  Is  more  likely  that,  due  to  Its 
lower  stability,  the  trailed  equipment  will  overturn  before  the 
tractor1 6  and  it  is  recognised  that  full  trailers  are 
generally  less  stable  than  empty  ones16.  If  a  driver  was  to 
take  the  slurry  tanker  shown  in  Fig.  1  onto  a  sloping  field, 
most  features  would  be  similar  to  those  of  other  trailed 
equipment.  The  stability  limit  of  the  tanker  would  at  all 
times  be  lower  than  that  of  a  typical  tractor  (35*),  whether 
the  tanker  was  empty,  at  A  (29*),  or  full,  at  D  (23*),  Fig.  4. 


The  least  stable  condition  would  be  when  the  trailer  was  full, 
but  the  stability  would  improve  continuously  as  the  tanker  was 
emptied.  There  would  be  one  new  feature  which  was  that  the 
freedom  of  the  fluid  to  move  had  resulted  in  lower  values  of 
stability  limit  than  with  a  solid  load,  as  shown  by  the  two 
curves  in  the  figure,  but  it  is  unlikely  that  this  would  be 
perceived  by  the  driver. 

However,  with  another  slurry  tanker,  such  as  that  which 
provided  the  basis  for  the  stability  plot  in  rig.  5,  the 
situation  would  be  unlike  that  known  for  any  other  trailed 
equipment.  The  stability  limit  when  full,  at  I  (28°),  would 
still  be  less  than  that  when  empty,  at  H  < 3 9 " ) ,  but  it  would 
not  be  the  minimum.  From  the  time  of  starting  to  work  in  a 
field,  with  a  full  tanker,  the  stability  of  the  tanker  would 
be  reducing  progressively  until  the  minimum  was  reached,  at  J 
(  2  S  °  )  ,  with  a  tank  fill  of  0.3.  Far  from  approaching  the  high 
stability  limit  of  the  empty  tanker,  as  might  have  been 
expected  with  70»  of  the  contents  discharged  from  the  tank, 
the  stability  limit  would  be  at  its  lowest.  The  stability 
limit  would  only  start  to  exceed  the  completely  full  value 
when  90%  of  the  contents  had  been  discharged.  The  driver 
might  well  be  taken  unawares;  he  might  continue  to  work  on  a 
slope  where  the  tanker  appeared  to  be  stable  when  full  only  to 
find  that  the  tanker  was  unstable  when  partially  full;  or  he 
might  move  onto  steeper  slopes  as  the  tanker  emptied,  thinking 
that  the  tanker  would  be  more  stable,  only  to  find  that  it  was 
less  stable. 

Tractors  are  known  to  slide  downhill  on  grass  particularly 
when  the  tractor  is  a  two-wheel  drive  one1^.  In  this  case  the 
tractor  may  be  able  to  climb  slopes  considerably  steeper  than 
the  slopes  it  can  go  down  without  sliding  because  of  the 
greater  weight  on  the  tractor  rear  driving  wheels  when  facing 
uphill.  Trailed  equipment  generally  reduces  the  value  of  the 
slope  on  which  a  tractor  can  be  driven  either  uphill  or  down¬ 
hill  because  of  the  additional  weight  which  must  be  controlled 
by  the  tractor,  of  which  only  a  small  proportion  is  transferred 
to  the  driving  wheels,  but  usually  the  slope  which  can  be 
climbed  remains  steeper  than  the  slope  which  can  be  descended. 
There  is  no  safety  value  in  this;  indeed  it  is  a  feature 
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commonly  appreciated  that  the  driver  should  beware  of  sliding 
downhill  even  though  the  slope  was  safe  for  ascent. 

A  driver  with  a  trailed  slurry  tanker  has  to  beware  of  an 
alternative  possibility,  that  his  equipment  might  start 
sliding  most  easily  when  driven  uphill,  and  that  being  able  to 
descend  a  slope  without  sliding  is  no  guarantee  of  being  able 
to  ascend.  As  with  the  stability  limit,  the  control  limit  is 
affected  by  movement  of  fluid  within  the  tank.  When  the 
tanker  is  faced  uphill  the  fluid  in  the  tank  will  run  to  the 
back,  reducing  the  weight  transfer  onto  the  tractor,  but  when 
faced  downhill  the  reverse  will  occur.  The  control  limit 
curves  in  Fig.  6  also  indicate  that  the  behaviour  of  the 
tractor  and  tanker  is  unpredictable  because  the  above 
discussion  applied  to  the  case  where  the  tanker  is  about  half 
full,  at  M,  while  the  near  empty  case,  at  P,  is  like  most 
other  trailed  equipment.  When  calculated  for  a  lower  friction 
coefficient.  Fig.  7,  the  equipment  is  most  likely  to  slide 
while  travelling  uphill  regardless  of  the  quantity  of  fluid  in 
the  tank,  except  when  empty. 

CONCLUSIONS 

Trailed  farm  tankers  Introduce  new  problems  to  working 
with  farm  machinery  on  slopes  because  of  the  possibility  that 
the  fluid  in  the  tank  may  move.  Some  of  the  tankers  are  very 
large,  containing  a  total  quantity  of  fluid  which  may  be  four 
times  as  heavy  as  the  towing  tractor,  so  the  behaviour  of  the 
tanker  on  a  slope  may  dominate  the  behaviour  of  the  cos&ination 
with  the  tractor.  In  order  to  analyse  the  behaviour  of  the 
tanker  it  was  first  necessary  to  know  how  the  centre  of 
gravity  of  the  fluid  moved  within  the  tank  under  all  conditions 
of  tanker  fill,  with  the  tanker  facing  along  any  heading  angle 
on  any  slope.  The  centre  of  gravity  analysis  was  completed 
for  tanks  of  circular  and  rectangular  cross-sections,  which 
included  most  shapes  of  tank  used  on  farm  tankers.  The  centre 
of  gravity  analysis  was  then  used  to  develop  a  stability 
analysis  for  farm  tankers  in  order  to  determine  the  stability 
limit  (l.e.  the  overturning  slope  for  the  tanker).  It  was 
also  used  to  develop  a  control  analysis  in  order  to  determine 


631 


the  control  limit  (i.c.  the  slope  on  which  the  tractor  and 
trailed  tanker  would  slide  downhill). 

One  or  two  examples  of  tankers  were  then  analysed  and  it 
was  found  that  several  new  features  emerged.  Firstly,  it  was 
found  that  some  tankers  could  become  less  stable  as  they  were 
emptied  rather  than  more  stable  which  is  the  case  for  other 
farm  trailers  with  solid  not  fluid  loads.  The  least  stable 
condition  might  be  when  70%  of  the  fluid  had  been  discharged 
from  the  tanker  and  the  stability  might  remain  as  low  as  when 
the  tanker  was  full  until  90%  of  the  fluid  had  been  discharged. 
Secondly,  It  was  found  that  the  weight  of  a  trailed  tanker 
might  be  most  likely  to  cause  sliding  on  a  slope  when  the 
tractor  was  travelling  uphill  rather  than  downhill,  which  is 
the  reverse  of  the  case  for  tractors  alone  and  tractors  with 
other  trailed  equipment.  Thirdly,  it  was  found  that  each  of 
the  above  two  features  was  unpredictable  because  factors  such 
as  tank  fill  and  the  slipperiness  of  the  ground  surface  might 
cause  changes  in  behaviour  with  tankers  which  would  not  occur 
with  other  trailed  equipment.  Several  implications  of  these 
features  on  driving  tractors  with  trailed  tankers  on  slopes 
were  discussed. 
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INTRODUCTION 
— «  ' 

Tractor  and  agricultural  accidents  on  slopes  fall  into 
two  categories.  The  most  well  known  is  a  stability  loss 
accident  in  which  the  tractor  simply  overturns.  Much  more 
coouson  is  the  sliding  control  loss  accident,  frequently  termed 
a  *  runaway #  by  farmers.  The  'runaway*  description  is  apt 
because  this  is  exactly  how  it  appears  to  the  driver  -  an 
uncontrolled  speed  build  up  when  descending  a  slope.  The 
accident  occurs  when  the  wheel-ground  forces  in  the  plane  of 
the  ground  are  no  longer  sufficient  to  maintain  equilibrium  on 
the  slope.  These  accidents  often  lead  to  overturns  of  varying 
severity;  Incidents  have  been  reported  of  tractors  travelling 
up  to  1.5  km  from  the  point  of  control  loss  before  coming  to 
rest.  - 

Means  of  avoiding  such  accidents  are  being  studied  * ^ . 
However,  until  such  techniques  are  adopted  the  drivers  of 
agricultural  machines  on  slopes  will  be  faced  with  the 
possibility  of  sliding  accidents  due,  for  example,  to  a  sudden 
reduction  in  tyre-ground  friction  following  an  outburst  of 


Many  of  these  incidents  result  in  minor  injury  and  many 
cause  damage  to  machinery;  some  cause  very  serious  injury  and 
fatalities.  Much  folk  lore  exists  amongst  drivers  on  how  best 
to  recover  from  such  slides,  the  current  wisdom  being  "keep 
the  tractor  straight". 

The  problem  of  finding  the  best  advice  to  give  farmers  is 
not  easily  resolved.  Remote-controlled  tractors  have  been 
used  to  study  control  loss^  but  the  behaviour  experienced  is 
usually  representative  of  just  one  particular  tractor.  The 
effects  of  changing  configurations,  or  parameters  is  best 


studied  using  mathematical  models  of  the  accident  process,  or 
at  least  the  dynamics  of  the  control  loss  from  which  an 
accident  may  ensue. 

Severity  of  accidents  is  probably  highly  correlated  with 
the  kinetic  energy  involved.  It  would  appear  therefore  tha^t 
during  a  control  loss  accident  the  driving  strategy  that 
should  be  aimed  at  is  minimisation  of  the  kinetic  energy 
(vehicle  speed).  This  paper  describes  a  mathematical  model  of 
the  control  loss  of  a  tractor  on  a  slope,  some  confirmatory 
results  from  trials  using  a  remotely  controlled  tractor,  and 
an  example  of  a  preliminary  study  into  driver  strategy  for 
minimising  kinetic  energy  in  an  accident. 


MATHEMATICAL  MODEL 

Notation 

A  Constant  in  tyre/force  slip  angle  equation 

Amax  Maximum  tyre  side  force  coefficient  when  rolling 
B  Constant  in  tyre  force/slip  angle  equation 

BR  Braking  force  at  a  wheel 

f  Constant  in  tyre  force/speed  equation 

fn  Function 

Fl  Actual  tyre  force  when  locked  and  sliding 

fL0  Maximum  tyre  force  when  locked 

g  Acceleration  due  to  gravity 

G  Gravitational  force  vector 

k  Lateral  tyre  force  coefficient 

m  Tractor  mass 

p  Tyre  sliding  velocity 

X  Longitudinal  tyre  force 

Y  Lateral  tyre  force 

Z  Vertical  tyre  load 

i  Tyre  slip  angle 

r  Slope  angle 

'  Steer  angle 

*  Tractor  yaw  angle 

ux  Effective  coefficient  of  sliding  friction  in 

longitudinal  direction 

Uy  Effective  coefficient  of  sliding  friction  in 

lateral  direction 
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The  mathematical  model  to  predict  the  motion  of  a  tractor 
on  sloping  ground  (Fig.  1)  is  based  on  the  classical  vehicle 
handling  model  with  freedom  in  the  yaw,  sideslip  and 
longitudinal  directions.  The  well  Known  equations*5*  are 
modified  to  include  the  effect  of  the  Inclined  plane  by 
incorporating  the  gravitational  force  vector  at  the  vehicle 
mass  centre, 


G 


mg.  sin?.  cos  v 
mg.  sin:*',  sin  i 
mg. cose 


In  the 


direct  ion . 


The  assumptions  used  in  deriving  the  equations  for  this 
model  are: 

(a)  The  inclined  plane  has  a  smooth  surface, 

is  of  constant  slope  (?)  and  has  consistent 
frictional  characteristics. 

(b)  The  tractor  body  is  rigid  with  a  conventionally 
pivoted  front  axle. 

(c)  Motion  in  the  z  direction  (perpendicular  to 
the  Inclined  plane)  is  not  included  so  that 
ride  vibration  motion,  tyre  deflections,  etc 
are  ignored. 

The  resulting  model  is  non-linear  because  no  restriction 
is  placed  on  the  magnitude  of  the  tyre  sideslip  angles. 
Consequently,  the  entire  range  of  the  tyre  side  force/slip 
angle  relationship  must  be  included  and  this  is  non-linear  for 
slip  angles  greater  than  say  10".  Therefore,  the  equations 
are  solved  by  digital  simulation  and  the  results  produced 
typically  as  a  predicted  trajectory  of  the  tractor  until  it 
stops,  overturns  (zero  wheel  loads),  etc.  Alternatively,  the 
variation  of  other  parameters,  e.g.  velocity  or  Kinetic  energy, 
may  be  plotted  as  a  time  history. 
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The  forces  generated  by  the  tyres  are  the  sole  means  by 
which  the  vehicle  is  guided,  since  other  external  forces, 
e.g.  aerodynamic,  are  trivial  by  comparison.  An  accurate 
representation  of  the  way  in  which  a  tyre  generates  both 
longitudinal  and  lateral  forces  is,  therefore,  a  key 
requirement  of  the  model.  More  specifically,  the  conditions 
under  which  the  wheel  is  locked  and  sliding  is  of  particular 
importance  in  control  loss  studies.  The  force  system  on  an 
individual  wheel  is  calculated  as  follows: 

(a)  The  wh> el  is  tested  to  see  whether  or  not 
it  Is  rolling. 

If  (BR  ♦  CRRZ1  >  uxZ  wheel  is  rolling, 

otherwise  wheel  is  locked. 

(b)  Wheel  rollinq. 

Y  -  kZ, 

where  k  -  A ( 1  -  e  0  ' ) 

and  A  -  fn  (A^  ,  X,  ux  ,  Z>  . 

Pig  2.  shows  the  friction  ellipse  relationship  used  in 
which  the  actual  value  of  X  defines  the  shape  of  the  side 
force/alip  curve.  From  Fig.  2  it  can  be  seen  that 


where  Vax  defines  effectively  the  maximum  " lateral coef f icient 
of  friction"  with  the  wheel  rolling. 


(c)  Wheel  locked. 

The  total  frictional  force  when  sliding  is 
F10  *  fn(ux'  V  Z'  *'  P)  • 

From  Fig.  3,  it  can  be  seen  that  if,  again,  the  friction 
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(d)  Effect  of  sliding  speed. 

There  ere,  apparently,  no  results  published  for  the 
effect  of  sliding  speed  on  off-road  tyre  forces,  although  work 
on  this  topic  is  In  progress  at  the  Scottish  Institute  of 
Agricultural  Engineering  (SIAE) .  For  road  vehicle  tyres, 
however,  there  are  several  published  studies,  some  examples  of 
which  are  shown  in  Fig.  4.  Clearly  the  mechanism  of  tyre 
force  generation  on  deformable  surfaces  will  be  fundamentally 
different  from  that  on  road  surfaces.  However,  in  the  absence 
of  other  data,  it  seems  reasonable  to  take  the  relationship 
shown  in  Fig.  4  as  a  starting  point. 

Over  the  speed  range  of  interest,  i.e.  0  to  10  m/s  these 
data  approximate  well  to  a  linear  relationship  between  tyre 
force  and  speed: 

FL  *  PLO  n  '  fP>  ' 
where  F^  *  Locked  tyre  force  (N) 

F.  *  Nominal  locked  tyre  force  at  zero 
sliding  speed  <N) 

f  *  Proportional  constant  in  tyre 
force/speed  relationship  (s/m) 

p  *  Sliding  speed  (m/s) 

The  constant,  f,  varies  between  0.010  and  0.027  depending 
on  conditions,  with  a  reasonable  typical  value  of  0.019. 

(e)  Wheel  loads. 

The  technique  used  to  calculate  the  wheel  loads  is 
based  on  the  vector  approach  which  has  been  described 
previously*4^.  Additional  terms  arising  from  tractor 
acceleration  components  are  included. 

The  total  kinetic  energy  of  the  tractor  is  calculated 
from  the  standard  equations  using  the  tractor  mass  and  inertia 
and  the  model  predictions  of  linear  and  angular  velocities *^ . 

CONFIRMATORY  EXPERIMENTS 

The  use  of  mathematical  models  in  describing  the  behaviour 
of  vehicles  during  emergency  situations  requires  that  the  model 
predictions  describe  the  general  overall  behaviour  of  the 
vehicle.  On  grass  covered  slopes  the  local  variations  of  slop* 
friction,  and  ground  roughness  all  cause  perturbations  which 
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affect  the  trajectory  of  a  tractor  during  a  control  loss.  The 
perturbations  depend  on  the  actual  trajectory  followed  by  the 
tractor,  thus  making  it  very  difficult  to  make  precise 
comparisons  of  the  tractor  behaviour  with  the  mathematical 
model  predictions. 

For  initial  comparisons  of  measured  and  predicted 
behaviour,  a  radio  controlled  tractor  was  used  on  a  site 
having  a  relatively  smooth  grass  surface  with  a  gradient 
varying  slowly  over  a  distance  of  300  m  from  17“  to  11°^. 

Fig.  5  shows  a  comparison  of  a  predicted  trajectory  with 
experimental  data  obtained  using  the  radio-controlled  tractor 
during  a  control  loss.  The  trial  was  conducted  with  the 
steering  held,  nominally,  at  zero.  The  typical  behaviour  of  a 
two-wheel  drive  tractor  with  the  steering  held  at  zero  1b  a 
forward  slide  followed  by  a  rapid  rotation  of  the  tractor 
until  facing  backwards  and  the  slide  then  continuing  backwards 
downhill.  Depending  on  values  of  ground-wheel  friction,  slope 
and  centre  of  gravity  position,  the  tractor  speeds  up  or  slows 
down  but  always  travels  backwards.  The  model  requires  a  steer 
input  of  a  very  small  amount  to  predict  the  turn  around.  In 
the  trial  it  is  impossible  to  keep  the  Bteer  angles  at 
precisely  zero  and  in  such  a  condition  any  steer  angle,  or 
asymetry  of  side  forces,  will  cause  the  tractor  to  spin. 
However,  as  can  be  seen  from  Fig.  5,  the  mathematical  model 
predicts  the  overall  behaviour  of  the  tractor  fairly 
accurately . 

Further  trials  were  conducted,  but  on  detecting  a  control 
loss  full  steer  angles  were  applied  and  held.  These 
trajectories  and  the  model  predictions  were  essentially 
similar.  Behaviour  was  characterised  by  the  tractor  turning 
sideways  on  to  the  slope  and  sliding  sideways  down  the  slope 
but  rapidly  coming  to  rest^*. 

One  other  trial  was  carried  out  on  a  steeper  slope  of 
20*.  Applying  full  steering  lock  on  detecting  a  control  loss 
on  this  slope  caused  the  tractor  to  overturn.  The  mathematical 
model  predictions  of  this  situation  did  not  predict  an  over¬ 
turn,  although  the  up-slope  wheel  loads  fell  to  quite  small 
values  (200  N) .  The  20*  slope  was  relatively  rough  and  this 
may  have  caused  effective  sideways  wheel  forces  to  be  greater 
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than  the  model  predictions.  Higher  side  forces  would  promote 
an  overturn  rather  than  a  slide  on  such  a  slope.  This  points 
to  a  need  to  obtain  data  on  tyre  forces  on  rough  grass 
surfaces  under  the  extreme  conditions  likely  to  be  encountered 
during  accident  situations.  Work  to  obtain  such  data  is 
currently  being  carried  out  by  SIAE. 

However,  the  model  has  been  shown  to  predict  overall 
behaviour  reasonably  well  and  hence  is  suitable  for  use  in 
examining  possible  driver  strategies  during  a  control  loss  on 
a  slope. 

EFFECT  OF  STEERING  DURING  A  CONTROL  LOSS  - 
A  PRELIMINARY  STUDY 

As  an  example  of  the  use  of  the  model  in  the  study  of 
accidents  on  slopes,  the  effect  of  steering  angle  on  different 
configurations  of  a  two-wheel  drive  tractor  during  a  control 
loss  on  a  20*  slope  is  examined. 

The  tractor  is  basically  a  medium  power  two-wheel  drive 
with  a  mounted  hay  tedder.  It  is  assumed  that  a  control  loss 
occurs  by  driving  onto  a  20°  slope  and  the  driver  "detects" 
a  control  loss  when  the  tractor  speed  has  reached  3  m/s.  The 
driver  now  wishes  to  minimise  the  kinetic  energy  of  the 
tractor  to  ensure  that  any  resulting  overturn  occurs  at  the 
lowest  possible  energy  levels. 

The  tractor's  first  configuration  is  characterised  by  a 
high  (1.2  m) ,  and  a  forward,  centre  of  gravity  position.  This 
tends  to  make  the  tractor  less  stable  than  low  and  aft  centre 
of  gravity  positions.  The  kinetic  energies  during  the 
resulting  tractor  motion  are  shown  in  Fig.  6.  Each  of  these 
steering  actions  resulted  in  a  tractor  overturn  but  the 
energies  involved  in  the  overturn  decreased  as  steer  angle  is  j 

i 

increased.  The  cab  test  energy  for  this  mass  of  tractor  is 

15.835  k J .  This  is  much  lower  than  the  kinetic  energies 

occurring  during  the  accident.  Fig.  6  shows  that  inducing  an 

overturn  early  in  the  accident  by  applying  maximum  steer  angle 

results  in  the  best  survival  strategy.  Although  the  kinetic 

energy  at  overturn  is  greater  than  the  test  energy,  only  a 

small  proportion  of  this  kinetic  energy  is  likely  to  be 

absorbed  by  cab  deformation^.  I 


642 


The  effect  of  reducing  the  value  of  u  is  shown  in 
Fig.  7.  Overturns  do  not  occur  and  kinetic  energy  continues 
to  increase  during  the  control  loss.  In  practice,  ground 
surface  roughness  effects  would  cause  overturns.  Again,  the 
strategy  for  minimising  energy  is  the  one  of  applying  full 
steering  lock  and  holding.  The  reductions  in  kinetic  energy 
occur  when  the  tractor  is  sliding  sideways,  so  making  use  of 
the  side  forces  available  at  the  front  wheels. 


Reducing  the  centre  of  gravity  height  to  1.0  m  (Fig.  8) 
produces  detail  changes  in  the  way  the  kinetic  energy  varies 
but  the  recommendation  is  still  to  apply  full  steer  lock  and 
hold  for  minimising  kinetic  energy  during  the  control  loss. 

The  effect  of  increasing  u  with  the  lowered  centre  of 
gravity  height.  Fig.  9,  causes  the  tractor  to  come  to  rest. 
However,  high  energy  levels  persist  for  a  large  part  of  the 
time  with  zero  steer.  Application  of  steer  and  holding  on 
this  steer  causes  the  tractor  to  be  brought  to  rest  relatively 
quickly,  so  reducing  the  potential  hazard  of  a  control  loss 
(Fig.  9). 

Moving  the  centre  of  gravity  aft  produces  an  overall 
lowering  of  kinetic  energy  levels  during  the  control  loss. 
Again,  applying  full  steering  lock  minimises  energy  levels. 
However,  at  the  low  value  of  u  (0.377)  the  motion  continues 
and  the  tractor  does  not  come  to  rest  (Fig.  10).  Increasing  s 
(0.529)  brings  the  tractor  to  rest  (Fig.  11);  although  the 
energies  in  this  case  are  very  low,  the  application  of  steering 
produces  the  Bafe  strategy,  the  tractor  coming  to  rest  quickly 
so  avoiding  higher  energy  levels  which  could  be  hazardous  if 
the  tractor  remained  in  motion.  Fig.  11  shows  the  rapid 
lowering  of  energy  levels  by  applying  the  steering. 

These  examples  show  how  the  model  can  be  used  to  analyse 
the  consequences  of  a  control  loss  accident  with  a  particular 


two-wheel  drive  tractor  on  a  20°  slope.  They  illustrate  how 
driver  behaviour  can  affect  the  outcome  by  applying  steering, 
so  reducing  accident  hazard.  The  machine  geometry  is  also 
important,  lower  energy  levels  being  associated  with  rearward 
centre  of  gravity  positions.  This  accords  with  observations 
of  a  number  of  serious  control  loss  accidents  which  have  been 
associated  with  tractors  carrying  unnecessary  front  ballast. 
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CONCLUSIONS 

1.  A  mathematical  model  has  been  developed  for  examining 
the  behaviour  of  two-wheel  drive  tractor  motion  during 
accidents  on  slopes. 

2.  The  model  generally  predicts  the  motion  behaviour  of 
tractors  during  actual  accidents.  In  some  detail 
aspects  a  need  for  further  refinement  is  indicated. 

This  would  appear  to  be  in  the  modelling  of  tyre  side 
forces  during  the  extreme  motions  occurring  in  accidents. 

3.  Application  of  the  model  to  the  study  of  minimising  the 
hazard  of  a  control  loss  accident  of  a  two-wheel  drive 
tractor  on  a  20°  slope  indicates  that  drivers  should 
apply  and  hold  full  steer  lock  upon  detection  of  a 
control  loss. 

■4.  The  study  indicates  that  rearward  centre  of  gravity 

positions,  in  the  situation  studied,  reduce  the  kinetic 
energy  and  hence  the  potential  severity  of  a  resulting 
accident . 
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Fig.  6 

Energy  in  a  control  loae  for  tractor  with  tedder. 
Configuration  no .  1  with  high  and  forward  centre 
of  gravity,  u  -  0.529 
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Fig.  7 

Energy  In  •  control  lost  for  tractor  with  tedder. 
Configuration  no.  t  with  high  and  forward  centra 
of  gravity,  u  ■  0.377 
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Energy  In  a  control  loss  for  tractor  with  tedder. 
Configuration  no.  2  with  low  and  forward  centre 
of  gravity,  u  *  0.377 
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Fig.  9 

Energy  in  a  control  loaa  for  tractor  with  tedder. 
Configuration  no.  2  with  low  and  forward  centre 
of  gravity,  u  •  0.529 
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Fig .  11 

Energy  In  a  control  loaa  for  tractor  with  tedder. 
Configuration  no.  3  with  low  and  aft  centre  of 
gravity,  it  *  0.529 
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STABILITY  INDICATORS  FOR  FRONT  END  LOADERS 
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x  ABSTRACT 

i  • — - - 

•y 

This  paper  describes  the  developnent  of  a  stability-indicating  systea 
for  use  in  minimizing  the  occurrence  of  front-end  loader  (PEL)  roll¬ 
overs  in  mining.  The  developeisnt  proceeded  in  three  phasesi  definition 
of  FEL  stability-instability  characteristics)  design  of  a  1st  generation 
stability  indicator)  and  design  of  a  simplified,  2nd  gsneration  stabil¬ 
ity  indicator.  Goals  mat  by  the  final  design  include  confirmation 
of  a  simplified  methodology  for  detecting  machine  instability;  the 
ability  to  be  Installed  on  new  loaders  during  manufacture  or  on  older 
loaders  on  a  retrofit  basis)  and  reliable,  easily  interpretable  operation. 


INTRODUCTION 

Rubber-tired  PEL'S,  originally  intended  as  small  machines  for  handling 
loose  or  stockpile  material,  have  rapidly  increased  in  both  sice 
and  nimbsr  at  surface  mine  operations  over  the  past  IS  to  20  years. 
Statistics  bear  out  the  fact  that  PEL  accidents  form  the  largest  sin¬ 
gle  category  of  machinery-re lated  accidents  in  surface  mining.  For 
the  years  1975  through  1981,  PEL'S  used  by  the  atining  Industry  were 
involved  in  26  fatalities  and  numerous  less  severe  accidents.  The 
vast  majority  of  the  fatalities  occurred  as  a  consequence  of  the  PEL'S 
rolling  over  and  either  crushing  the  operator  within  the  cab  or  the 
operator  being  struck  by  the  machine  after  j  imping  or  being  ejected 
from  the  cab. 


T**- 


Rollover  protective  structures  are  required  on  Pel's  as  specified 
in  the  Code  of  Federal  Regulations,  Titls  30,  Fart  77.403a,  "Mobile 
Equipment,  Rollover  Protective  Structures  (ROPS)."  Obviously,  POPS 
do  not  prevent  the  vehicle  from  rolling  over,  but  offer  protection 
to  the  operator  in  the  event  that  the  vehicle  does  rollover.  At 
present,  PEL  operators  have  only  their  own  judgement  against  which 
to  evaluate  the  stability  or  instability  of  their  machines. 

The  Bureau  of  Mines,  through  contract  with  Stevens  Institute  of  Tech¬ 
nology,  has  responded  to  this  problem  with  the  development  of  a  FEL 
stability  indicator  that  provides  the  operator  a  reliable,  easily 
interpreted  display  of  the  stability  status  of  his  or  her  machine. 

The  stability  indicator  was  designed  to  be  a  relatively  low  oost 
item  capable  of  being  retrofitted  to  older  PEL'S  or  incorporated 
into  new  loaders  during  their  manufacture.  Strain  gage  instrumentation 
is  usad  to  monitor  tha  magnitude  and  rate  of  change  of  forces  acting 
normal  to  tha  loadsr's  wheels,  with  these  forces  being  direct  indi¬ 
cators  of  the  machine's  center  of  gravity  relative  to  its  stance 
on  the  terrain.  The  relative  stability  of  the  loader  is  conveyed 
to  the  operator  through  s  display  of  green,  aafeer,  and  red  lights. 


'fitful.  * 
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The  development  of  the  present  stability  indicator  was  undertaken 
in  several  stages*  first,  the  stability  characteristics  of  FEI.' s 
were  analyzed  and  mat hemat ical ly  modeledi  second,  a  1st  generation 
stability  indicator  was  built  that  coeipared  the  calculated  analog 
values  to  the  measured  values  and  issued  a  warning  to  the  driver 
based  on  that  difference  as  a  safety  margin*  and  third,  the  present 
device  was  produced,  where  the  whole  machine  is  used  as  the  analog, 
and  the  results  of  the  interpretation  of  the  actual  wheel  loads  on 
the  ground  are  used  to  warn  the  driver  of  an  impending  overturn  sifu- 
at ion. 


DEFINITION  OF  LOAD  EH  STABILITY  CHARACTERISTICS 

More  than  half  of  rollover  accidents  occur  when  the  loaders  are  being 
trained/  that  is,  when  they  are  being  transported  under  their  own 
power  from  one  work  area  to  another,  when  they  are  being  moved  from 
the  working  areas  to  auintenance  shops  and  fueling  stations,  or  when 
they  are  traveling  over  distances  greater  than  those  covered  in  normal 
loading  and  unloading  operations.  Generally,  the  loader  operates 
at  greater  speed  while  trasmdng  than  it  does  during  its  normal  work 
cycle.  Eight  out  oi  ten  tramming  accidents  occur  on  wngrades. 

Front  and  side  slopes  contribute  to  an  unstable  operating  model  of 
the  FEL.  Operator-controlled  factors  contributing  to  the  loss  of 
stability  are  the  weight  of  the  load  in  the  bucket ,  the  bucket  height, 
the  yaw  angle  of  articulation,  ita  velocity,  and  the  degree  of  braking. 
While  any  one  of  these  parameters  could  be  a  principal  contributor, 
it  is  usually  a  combination  of  these  factors  that  produces  an  accident. 

The  first  step  towards  alleviating  the  rollover  problem  was  to  define 
and  quantify  the  following  critical  combination  of  factors  snd  conditions 
that  are  most  pertinent  to  front-end  loeder  instability* 

o  Vehicle  pitch  angle 
o  Vehicle  roll  angle 
o  Bucket  load 
o  Bucket  location 
o  Vehicle  articulation  angle 
o  Inertial  loads  (acceleration-deceleration, 
centripetal  forces) 

A  device  that  is  to  indicate  to  an  operator  just  how  cloee  the  machine 
is  to  an  overturning  condition  has  to  account  for  the  combined  in¬ 
fluence  of  all  these  factors  on  the  stability  characteristics  of  the 
vehicle. 

HATHBWTIOU,  AMALY8I8  Of  STATIC  LOAD  Ag>  IMCUMATIOM  LIMITS 

The  basic  calculations  of  the  static  overturn  limits  for  TEL’ s  have 
to  include  all  the  variation*  possible  in  vehicle  gecawtry.  These 
calculations  can  be  divided  into  two  parts*  locating  the  center  of 
gravity  <CG)  of  the  loaded  machine  and  da tarmining  whether  this  CC 
location  relative  to  the  stpport  points  induce*  overturn. 
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*'»♦  [  U  '  ■;  have  a  thtee-pmnt  suspension  system.  The  rear  axle  is 
I'ir.ne‘1  t  r.  t  hr-  frame  at  or  above  the  axle  center,  creating  a  trans- 
vei walking  team  action.  This  pin  joint  represents  a  single  suspen¬ 
sion  point.  The  other  two  points  are  the  ground  contact  point  of 
the  front  tires  (Fig.  1).  With  this  type  of  suspension,  the  effective 
masses  and  CC*  s  for  pitch  overturn  are  different  from  those  for  roll 
overturn.  The  vehicle  will  overturn  about  the  front  axle  (nose  down) 
if  the  C">  of  the  entire  mass  is  in  front  of  a  line  connecting  the 
front  wheel  ground  contact  points  (Fig.  2). 


FIGURE  1 1  Front-end  loader  FIGURE  2  s  Projection  of  center 

suspension  points  under  of  gravity  near  overturn, 

normal  conditions. 


Roll  overturn  can  arise  if  the  CG  lies  outside  the  line  joining  either 
of  the  front  wheel  ground  contact  points  and  the  rear  suspension  pin 
(rig.  1).  In  this  lattsr  case,  the  mass  involved  is  that  of  the  loaded 
vehicle  less  the  mass  of  the  rear  axle  unit.  This  mass  is  callad 
the  main  suss. 

There  is,  by  design,  a  limit  to  the  rotation  possible  about  the  rear 
axle  (usually  about  15*)  after  which  the  rear  wheel  contact  point 
becomes  the  third  support  point  (Fig.  J).  A  machine  that  has  tipped 
enough  to  reach  this  limit  will  often  have  enough  momenta*  to  overturn 
completely. 

Three  variables  affect  the  CC  location  with  respect  to  the  vehicle. 

The  first  variable  la  the  articulation  angle.  Vo  obtain  the  variation 
of  cc  with  articulation  angle,  the  weight  and  CC  locations  of  both 
the  front  and  rear  units  sre  needed.  It)  obtain  the  CG  of  the  main 
mass,  the  mass  of  the  rear  axle  and  Its  tires  (plus  ballast)  has  to 
be  subtracted.  The  other  two  variables  entering  into  the  CG  computation 
are  the  bucket  loed  end  the  position  of  the  lift  arm.  From  thie  infor¬ 
mation,  the  location  of  each  of  the  masses  end  the  location  of  the 
CG' a  can  be  obtained  in  the  standard  manner  of  summing  moments  and 
dividing  by  the  total  weights.  In  addition,  the  position  of  the  vehicle 
is  identified  by  the  pitch  and  roll  angles  (l.e.,  the  angles  between 
tbe  gravity  vector  and  the  vehicle's  x-y  and  *-i  planes,  respectively). 
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FIGURE  ];  rront-«nd  FIGURE  4:  Coordinate  system 

loader  suspension  used  in  analysis, 

point*  naar  overturn. 


The  CG  is  located  with  reapect  to  a  vehicle  coordinate  aystaai  whose 
origin  is  at  the  center  of  the  front  axle,  with  the  x-axis  pointing 
forward,  tha  y-axia  to  the  right,  and  the  x-axia  down  (Fig.  4).  The 
mathematical  procedure  used  is  to  locate  the  vehicle  on  a  horizontal 
ground  plane  with  a  selected  bucket  load,  lift  arm  position,  and  artic¬ 
ulation  angle.  The  ground  plane  is  then  inclined  to  a  ccsabined  front 
and  side  slope,  and  the  vertical  projection  of  the  vehicle  CG  is  deter¬ 
mined.  If  this  projection  falls  within  the  stability  triangle,  the 
aachine  is  considered  statically  stable*  if  it  falls  outside  the  triangle, 
it  is  statically  unstable. 

A  coeputer  program  was  written  to  solve  these  equations  iteratively, 
as  the  most  economical  procedure  is  to  establish  approximate  limits 
of  tha  aachine  and  to  refine  the  results  by  calculating  small  increments 
of  change.  The  final  pitch-rollover  points  are  easily  determined 
to  within  0.2*.  The  final  solutions  to  the  stability  equations  are 
then  plotted  by  the  coeputer. 


STATIC  OPERATING  ENVELOPES 

Using  the  above  procedure,  the  static  stability  limits  as  functions 
of  pitch  and  roll  angles  were  generated  with  the  bucket  load,  artic¬ 
ulation  angle,  and  lift  arm  position  as  independent  paraawters.  Figure 
5  la  a  plot  of  the  pitch  angle  versus  the  roll  angle  with  tha  bucket 
loed  as  a  parameter  for  0*  articulation  angle  and  with  the  lift  arm 
at  the  'carry*  position.  The  FK.  is  stable  for  any  coafcination  of 
roll  and  pitch  angle  within  the  stability  'triangle.*  Figure  6  is 
a  similar  plot  except  that  the  lift  arm  is  in  the  *full-up*  position. 

As  is  expected,  the  operating  envelope  is  reduced  in  sise  with  the 
lift  arm  in  the  full-up  position.  T i gures  7  and  8  show  the  stability 
envelop*  when  the  vehicle  is  articulated  to  35*  and  are  directly  com¬ 
parable  with  Figures  5  and  6  (without  articulation). 


.  *  *4-  '•“«>* 
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FIGURE  Si  Stability  envelop*  FIGURE  6:  Stability  envelope 

for  are  at  carry  and  for  ana  full-op  and 

articulation  »  0*.  articulation  -  0*. 


FIGURE  7 i  Stability  envelop*  FIGURE  8t  Stability  envelop* 

for  are  at  carry  and  for  are  full -if  and 

articulation  -  35*.  articulation  -  >*•. 
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The  articulation  angle  produces  mirror  image  curves  i  the  -35”  articu¬ 
lation  curve  la  inclined  equally  and  in  the  opposite  direction  to 
the  +35”  articulation  anqle  curve. 

The  curves  readily  show  that  it  is  necessary  to  sense  and  respond 
to  all  the  parameters.  To  sense  merely  roll  anqle  mould  have  two 
opposite  and  unacceptable  effects: 

1 .  It  could  result  in  a  varainq  device  that  is  far  too 

conservative  and  hence  restricts  the  operation  of  the 
PEL  to  an  unacceptable  level  and  prevents  its  acceptance. 

2.  It  may  not  qive  warning  when  it  should,  producing 

false  confidence  which  might  contribute  to  an  accident. 

These  results  have  been  compared  with  available  experimental  data 
from  one  of  the  manufacturers  and  have  been  found  to  correlate  well 
(Tables  1  and  2). 


TABLE  1:  Center  of  gravity 
comparison. 
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TABLE  2 i  inclination  limit 
comparison . 


STATIC  STABILITY  OPWBOJttlOW  BOUATIOSI 


TO  be  able  to  construct  the  electronic  logic  circuitry  for  the  1st 
g»  iteration  stability  indicator,  the  stability  envelope  had  to  be  math¬ 
ematically  defined,  however,  describing  all  the  curves  with  one  equation 
was  quite  difficult  because  the  curves  are  triangular  in  shapa  and 
lie  in  ell  four  quadrants.  All  attsepta  at  generating  a  correlation 
aquation  by  utilising  a  systematic ,  logical,  theoretical  approach 
failed.  Therefore,  an  altamate  solution  was  used. 


An  initial  decision  was  made  that  roll  angles  greater  then  10*  (about 
a  60%  elds  slope)  and  pitch  angles  beyond  the  range  of  *35*  (up)  to 
*25*  (down)  would  be  considered  outside  the  normal  range  of  operation. 
Separate  limit  detectors  would  be  eaployed  to  trigger  s  warning  light 
if  any  of  these  basic  limits  wars  exceeded,  regard  lees  of  any  other 
condition.  The  equation  of  a  parabola  that  includes  tha  effects  of 
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lu  *«>•  !  ii  lift  .n w  position  but  not  of  articulation  angle  has 
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P 

a  *  lift  arm  angle, 
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w  »  bucket  load, 


and  CJ •  c2’  C}'  C4  "5  ”  constants. 


To  correct  for  articulation  angle  (9  )  ,  replacet 


by  n  Coe.4P  .  -  0  Sin. 40 

p  '  p  art  r  art 


and  r  by  »pS.n.4^rt  +  \Co«-4°art- 

and  the  prediction  equation  for  the  critical  roll  angle,  including 
articuation  angle  and  specific  constants  for  a  specific  PEL  becomes : 


critical 


36.94  -  3.265  *  10  V  -  0.2239  0 


-[0.054  (9  Co#. 46  _  -  6  Sin. 46  ) 

p  art  r  art 


♦  2.1527) 


The  absolute  value  of  9crit^cal  *»»  u**d  •ihee  the  stability  curvet 

are  mirror  isiages  and  the  equation  is  valid  for  either  positive  or 

negative  articulation  angles.  This  absolute  value  of  6  . ,  was 

critical 

then  compared  with  the  corrected  roll  angle  so  that  the  safe  operating 
range  wee  represented  byi 


e  Sin. 46  _♦  6  Cos. 49  I 
p  art  r  art1 


critical 


Figure  9  is  a  correlation  plot  of  the  critical  roll  angle  predicted 
from  the  equation  versus  the  roll  angle  calculated  by  the  computer 
program.  The  correlation  la  made  for  a  fixed  articulation  angle  of 
20*.  but  for  three  bucket  loeda.  The  individual  data  points  represent 
three  lift  arm  positions  (carry,  horizontal,  and  full-ip  at  various 
combinations  of  pitch  angle.  This  prediction  equation  thus  contains 
all  of  the  terms  that  enter  into  the  determination  of  static  stability. 
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FIGURE  9i  correlation  of  data  between  predicted  and  a.  tual  case*. 


FIRST  GKHERATIOW  STABILITY  HOICJVTCR 


Analog  Circuit 

An  analog  circuit  waa  designed  to  solve  the  prediction  equation. 

A  block  diagraa  of  this  circuit  is  shown  in  Figure  10.  The  seven 
electronic  circuit  cards  used  are  shown  ir.  Figure  11.  This  analog 
computer  was  used  to  solve  the  correlation  equation  fro*  sensor  input! . 
and  then  compare  the  existing  roll  angle  to  the  critical  roll  angle, 
and  give  the  driver  a  visual  warning. 

Sensors  and  Transducers 


The  original  approach  to  sens*  the  pitch  and  roll  angles  by  daaped 
pendulu*- type  potent i owe  tars  was  abandoned  because  their  rang*  of 
natural  frequency  coincides  with  that  of  FEL's,  at  approximately  2 
Ms.  Therefore,  electrolytic  sensors,  using  a  seniconducting  fluid 
in  a  circular  tub*  and  with  a  natural  frequency  greater  than  10  Ms, 
were  selected. 

The  articulation  angle  and  lift  are  position  were  sensed  by  single- 
turn  rotary  potentioaeters.  Special  shaft  bearing  and  seal  designs 
sad*  these  potentioaeters  safe  free  salt  spray,  sand,  dust,  and  fungus. 

The  bucket  load  was  determined  by  sensing  lift  cylinder  hydraulic 
pressure  with  a  pressure  transducer  and  caa*»ning  it  electronically 
with  lift  arm  position. 
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Warning  Indicators 

Tha  driver'*  warning  device  conFlsted  of  four  indicator  lighta.  On* 
waa  graan ,  two  war*  amber,  and  one  waa  rad.  Tha  analog  circuitry 
accepted  tha  five  aenaor  input*,  calculated  the  angle  at  which  tha 
machine  would  roll  over,  and  compered  thia  value  to  tha  correcto-i 
roll  angle.  Tha  diffaranoa  between  the  calculated  angla  and  the  actual 
roll  angle  waa  rapraaantad  by  a  voltage  that  waa  aanaad  by  four  level 
detector*.  Each  level  detector  waa  wired  to  on*  of  the  light*  and 
waa  ad ju* table  for  proper  level  and  sequencing. 

Evaluation 


The  above -described  ayateai  waa  installed  on  three  PEL’  *  used  in  a 
rock  quarry  operation.  During  a  12-month  teat  period,  the  unit*  per¬ 
formed  satisfactorily  and  were  judged  by  the  operators  as  very  useful 
operational  tool*.  However,  these  1st  generation  units  had  several 
disadvantages,  as  follow*! 

1.  They  were  costly  to  aianufacture  owing  to  the  ccaaplexity 

of  the  electronics. 

2.  They  were  costly  to  install  owing  to  the  skilled  labor 

required  to  install  the  sensors. 

3.  The  spates  would  not  completely  correct  for  the  effects 

of  inertia  during  braking,  acceleration,  or  cornering. 

rm  wtoowp  SBBBSQEB  EBag  impicato* 

In  an  effort  to  reduce  tha  oonp laxity  and  cost  of  tha  systea ,  an  alter¬ 
nate  naans  of  obtaining  a  signal  or  smaaurlng  a  parameter  that  wiuld 
indicate  rollover  Instability  waa  sought.  Aa  the  PEL  approaches  roll¬ 
over  instability,  tha  OG  novas  towards  tha  outside  of  tha  "stability 
triangle”  formed  by  the  three  support  points.  As  this  happen* ,  the 
normal  load  on  tha  up- a  lope  wheel  decreases  and  tha  normal  load  on 
the  down-alope  wheel  increases.  At  tha  point  of  rollover  instability, 
tha  normal  load  on  tha  up- slope  wheel  has  bean  reduced  to  sere. 

The  task  of  designing  a  stability  indicator  baa  now  bean  reduced  to 
designing  a  method  of  sensing  tha  normal  load  on  each  of  tha  front 
wheals  and  using  tha  lower  value  to  trigger  a  warning  system. 

■y  utilising  strain  gages,  the  bending  stresses  in  tha  axle  oan  ha 
determined.  To  obtain  the  normal  load  from  the  measured  axle  bending 
stresses,  it  is  necessary  to  measure,  or  devise  a  system  to  cancel 
out,  the  banding  stresses  in  tha  axle  due  to  tha  tire  aide  forces. 

These  tire  side  forces  are  generated  to  resist  tha  downelape  forces 
acting  on  tha  PXLt  they  can  also  be  generated  during  steering.  The 
tire  aide  force  acting  at  tha  ground  plana  creates  a  banding  moment 
in  tha  axle  which  la  proportional  to  tha  wheal  radius.  Py  measuring 
the  axle  bending  atreaaes  at  two  plana*,  they  can  ha  subtracted, 
which  cancels  out  the  effects  dua  to  tire  side  fores,  leaving  a  measure¬ 
ment  that  is  proportional  to  wheel  normal  load. 
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Referring  to  rigure  12.  bending  aoaent  et  plane  1  lei 
Mj  -  KL(Lj)  ♦  SP(r ) . 

Bending  moment  at  plane  2  1st 


Hj  •  ML<Lj)  ♦  S ril) 

K2  -  Nj  •  KLU.  )  -  KULjl 
-  ULlLj  -  Lj) 

or  HL  -  <r2  -  Rj>/(L2  -  L  ). 

The  bending  aomente  at  planee  1  and  2  are  aessured  using  strain  gages 
and,  since  the  distance  between  the  two  planes  is  known,  the  normal 
load  is  determined. 


I*1  j  Distant**  from  tir*  center  fcns 
S)  to  mwuwnwwt  plan* 


noun  12:  Forces  acting  on  wheel  of  front-end  loader. 


tala  Sensor* 

To  eeasure  the  bending  strains  on  the  PSL  axle,  it  was  decided 
that  same  fo. s  of  bonded  strain  gags  or  strain  transducer  would  have 
to  be  used.  Since  the  output  of  s  strain  gage  is  represented  by  a 
voltage  and  the  voUigee  obtained  fresi  the  two  plane*  srast  be  subtracted, 
it  was  decided  that  a  full-bridge  configuration  suet  be  used  in  order 
to  retain  a  usable  si^tal  level.  A  full-bridge  configuration  will 
produce  four  tisms  the  signal  output  of  a  quarter  bridge  and  is  inherently 
t separators  ooapenseted. 

In  an  effort  to  find  a  staple,  easily  Installed,  field  netted  of  sensing 
the  axis  attains  so  as  to  reduce  the  overall  systea  coat,  several 
aathods  were  tasted  and  rejected  or  refined,  as  follows: 
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1.  strain  gagas  bonded  dirsctly  to  tha  axle.  These 

were  field  tested  and  rejected  owing  to  excessive 
installation  cost  and  cost  of  replaceamnt  or 
repair.  Highly  skilled  labor  was  required. 

2.  We  Id able  strain  gages  directly  spot -welded  to  tha 

axle.  These  were  field-tested  and  rejected  owing 
to  zero  shifts  caused  by  the  lack  of  an  extrenely 
flat  surface  to  eount  on. 

3.  Strain  link  Manufactured  and  strain-gaged  in  shop: 

installed  by  directly  welding  to  the  axle.  These 
were  field-tasted  and  rejected  owing  to  the  dif¬ 
ficulty  of  preventing  gage  dsetage  due  to  heat 
conduction  during  welding. 

4.  Strain  links  amnufactured  and  strain-gaged  in  ahoi-  . 

These  are  attached  to  Mounting  blocks  which  are 
welded  to  the  axle  using  a  welding  fixutre.  This 
Method  was  refined  as  described  in  the  following 

paragraphs. 

Two  Methods  of  attaching  the  strain  links  to  the  Mounting  blocks, 
bolting  and  bonding,  are  presently  under  test  on  a  Oovernaent-owned 
JD-544  m  at  the  Bureau  of  Nines  facility  in  Bruce  ton,  PA. 

The  strain  link  was  designed  so  as  to  incorporate  a  Mechanical  gain 
of  3:1.  This  was  accoeplished  by  Machining  the  surfaoes  and  narrowing 
the  cross  section  mo  that  the  elongation  that  should  occur  over  a 
l.S-in  length  is  concentrated  in  e  0.5-in  section  where  the  strain 
gages  are  located,  ill  strain  gaging  and  in ter gage  wiring  is  per f oread 
on  the  strain  links  at  the  tine  of  Manufacture  so  that  the  field  in¬ 
stallation  consists  only  of  attaching  the  strain  link  to  the  axle 
and  connecting  the  output  cable  (Pig.  13), 

The  attachment  Method  was  designed  eo  as  to  require  a  ainiaia  of  expertise 
and  tins.  Three  Mounting  blocks  for  each  transducer  are  held  against 
the  axle  by  a  s lapis  welding  fixture,  end  the  blocks  ere  welded  to 
the  axle.  The  strain  link  is  then  either  bonded  or  bolted  to  the 
Mounting  blocks,  and  the  Mechanical  lnatallation  ie  complete  (Pig. 

14). 

At  the  present  tine,  two  fastening  Methods  are  being  tested.  The 
strain  links  on  one  aide  of  the  PH,  axle  ere  bolted  to  the  nouetieg 
blocks  using  3/f  socket -heed  cep  screws.  The  strain  links  on  the 
other  side  of  the  axle  ere  bonded  to  the  eo  anting  blocks.  The  bonding 
esthod  is  quite  siaple,  using  prspschegsd  epoxy,  end  requires  little 
skill.  In  addition,  tha  strain  link  does  not  sxperieece  any  aero 
shift,  dua  to  bolting  torqus,  when  it  is  bonded,  thus  reducing  the 
electronic  ad jestnents  required. 


667 


668 


ELECTRONIC  SIGNAL  COND1TICWIKG  AMD  DISPLAY 

The  electronic  signal  conditioning  package  has  been  considerably  sim¬ 
plified.  it  is  no  longer  necessary  to  perfora  various  cceputatlons 
to  evaluate  a  lengthy  correlation  equation  as  was  the  with  the 

original  systee.  The  new  systee  conalats  'f  four  integrated  circuit 
instnawntation  aeplifiers  to  increase  the  signal  levels  froa  the 
strain  links,  a  buffer  amplifier  to  sa  (subtract)  the  signals  froai 
different  planes,  a  differentiating  circuit,  a  quad-ccaparator ,  powei 
darlingtona  to  drive  the  warning  lights,  and  a  power  stpply.  The 
entire  electronics  systee,  including  power  sigply,  is  now  contained 
on  a  single  4)  x  64"  printed  circuit  card  (Pig.  15).  Per  siaplicity 
and  to  expedite  the  initial  field  test,  the  single  card  is  shown  eoiaited 
in  the  ease  National  Electrical  Nanufactur  rs  Association,  enclosure 
previously  used  (Pig.  16) ,  allowing  tha  us-  of  the  existing  wiring 
and  connectors. 


riCUXZ  15 i  Electronic 
circuit  board  for 
2nd  generation 
indicator. 
(Ooaponant  and 
foil  aides  of 
cards) 


! 
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FI CURB  1 6>  2nd  generation  stability  indicator 
no  on  tad  in  original  enclosure. 


In  an  effort  to  taka  into  account  tha  affects  of  Inertia  and  antici¬ 
pate  than,  a  differentiator  circuit  has  bean  incorporated.  This  circuit 
accepts  the  -onsal  wheel  load  as  an  input  and  outputs  a  signal  pro¬ 
portional  to  tha  rata  of  change  with  respect  to  ties  of  tha  nonssl 
wheal  load.  i.e..  the  first  derivative .  When  tha  wheal  load  is  positive 
but  decreasing  at  sane  rate,  the  derivative  will  be  a  negative  value 
whose  Mqnittde  depends  on  the  rate  of  decrease  ■  This  negative-valued 
derivative  la  naasd  with  the  original  signal  to  produce  s  new  no  real 
load  signal,  which  Is  lower  in  value  than  the  original,  by  scsm  aaount 
depending  on  the  rate  of  decrease,  and  therefore  turns  on  tbs  warning 
lights  earlier,  by  using  s  diode  to  limit  the  derivative  to  only 
negative  values,  the  warning  lights  respond  "normally*  for  increasing 
wheel  loads,  figure  17  shows  s  representative  signal  for  wheel  load 
which  is  varying  as  a  1.5  h  sine  wave.  Superimposed  on  top  of  the 
original  signal  la  the  "new"  wheel  load  signal  suemed  with  its  derivative. 
As  can  be  seen,  tha  voltage  level  ie  lower  for  the  new  sipsal  when 
it  is  decreaalng  in  value  ead  ie  identical  for  increasing  values. 

Although  field  testing  of  the  2nd  generation  stability  indicator  has 
not  yet  been  ooupleted,  ell  indications  to  date  ere  positive.  The 
design  of  the  stability  iadloetori 


FIGURE  1 7 1  Oscilloscope  trees  of  MCnal  loso  sitpial  and 
normal  load  algnal  ttastd  with  Its  derivative. 

1.  Allows  for  Its  sssy  incorporation  on  new  front-end 

loaders  during  manufacture. 

2.  Permits  its  installation  on  older  loaders  on  a 

retrofit  basis. 

3.  Has  resulted  in  reductions  of  sise.  complexity,  and 

associated  cost  to  the  limit  of  practicality. 

Extensive  testing  of  a  prototype  version  of  the  stability  indicator 
on  a  Government-owned  PEL  has  shown  i 

1.  The  methodology  of  sensing  machine  stability  as  a 

function  of  normal  wheal  loads  is  practical  and 
works. 

2.  The  strain  link  method  of  sensing  the  normal  wheel 

load  provides  an  adequate  signal  of  wheel  load 
and  removes  the  influence  of  side  forces  on  the 
wheel. 

I.  The  strain  link  method  allows  for  a  quick  field 
installation  using  a  minimum  of  highly  skilled 


personnel 


’KrA.  _ 
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4.  The  exact  method  of  attaching  the  .train  link,  bonded 
or  bolted,  i.  yet  to  be  decided  ba.ed  on  the  re.ult. 
of  teat*  in  progre... 


AD-POO*  294 
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Pressure  Tests  i n  Soil  below  Tires  of 
Agricultural  Vehicles 


1.  Bolling 

Jnst’tute  for  Agr  .Engineering,  Techri.Unl  versify  Munich,  F.R. Germany 

/ 

SuWARY  Design  and  measuring  method  of  a  cheap  and  efficient  soil 
pressure  gauge  are  described.  Soil  tank  tests  carried  out  in  the 
laboratory  demonstrate  some  properties  of  the  gauge  like  indifference 
towards  orientation  in  soil.  In  the  soil  bin  the  gauge  measures  pres¬ 
sures  below  tires  rolling  over  and  outside  in  the  field  the  influence 
of  wheel  load,  number  of  passes  and  vehicle  speed  are  investigated. 
The  results  are  interpreted  with  modified  formulas  of  Soehne 
which  can  be  managed  by  a  pocket  calculator. 
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Introduction 


Since  Soehne  [1?,  [2]  and  Chancellor  [3]  had  done  fundamental  work 
on  this  subject  in  the  beginning  fifties,  the  amount  of  fertilization 

and  tne  weight  of  agricultural  machinery  increased  as  well  as  the 

yield  rates.  Today  chemical  soil  optimization  had  reached  its  boun¬ 
der  ies  and  one  lookes  after  possibilities  to  improve  soil  structure. 
Von  Boguslawski  and  Lenz  [6]  gave  valuable  advice  to  this  problem. 
What  did  the  farmer  get  from  science  to  find  out  whether  compaction 
is  sever-  or  not?  He  knows,  that  he  has  to  avoid  work  under  wet  field 
conditions  with  heavy  machinery  and  he  uses  the  spade  to  estimate 

pore  volume  reduction.  Perhaps  it  will  be  useful  to  provide  him 

with  reference  values  of  pore  volume  reduction  for  several  kinds 
of  soils  with  several  degrees  of  water  content. 


In  view  of  this  aim  one  has  to  get  information  about  the  range  of 
soil  stresses  brought  up  ty  the  actual  agricultural  machinery.  To 
rise  the  number  of  data  one  has  to  select  an  efficient  measuring 
procedure  and  the  significant  variables.  Most  conraon  methods  are 
bulk  density  and  cone  penetrometer  measurement.  Applying  them,  om 
has  to  concern  the  amount  of  work,  the  influencing  parameters  and 
the  mission.  The  interdependence  of  bulk  density,  cone  penetrometer 
resistance  and  water  content  together  with  varying  kinds  of  soil 
imply  a  high  number  of  experiments  to  get  sufficient  information 
in  the  field. 


.  * 
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Measuring  Method 


This  arguments  led  to  the  consideration  to  measure  the  pressure  in 
soil  under  the  tires  of  agricultural  vehicles,  which  is  causal  respon¬ 
sible  for  soil  compaction.  To  find  out  the  right  procedure  one  has 
to  observe  several  criteria.  The  most  important  are: 

1.  The  gauge  should  be  of  a  bulk  density  close  to  that  of  the 
soil,  in  order  to  avoid  stress  concentrations,  if  the  gauge 
density  is  higher,  or  to  avoid  stress  drop  at  the  gaug  ,  if 
the  gauge  density  is  lower. 

2.  The  gauge  application  should  cause  a  minimum  of  disturbances 
in  soil  and  it  should  be  possible  in  a  Justifiable  range  rf 
time. 

two  lance  system 


Fig.  l.i  Principle  and  application  of  the  pressure  gauge 


3.  The  gauge  should  measure  defined  stress  components. 

4.  The  gauge  should  be  able  to  record  the  pressure  during  tire 
operation,  to  get  information  about  dynamic  effects. 

5.  Inexact  gauge  orientation  In  soil  should  cause  minimum  errors. 

6.  To  use  many  gauges  at  the  same  time  the  costs  must  not  be  high. 


viewing  the  literature  to  this  subject  many  valuable  advices  have  been 
found  for  example  in  the  works  of  Berdan  [4],  Cooper  [5],  Hovanesian 
[7],  Barnes  [8]  and  Blackwell  [12].  The  compromise  made  to  observe 
most  of  the  shown  main  criteria  represents  fig.  li 


a  hole  inclined  about  15°  -  20°  to  the  surface  is  drilled  into  the 
soli,  in  Which  a  pipe  is  pushed.  A  ballon  with  walls  being  0,5  mm 
thick,  a  length  of  11  cm  and  a  diameter  of  2  cm  is  turned  out  of 
the  pipe  by  an  air  pump.  Now  the  system  is  filled  with  water.  This 
causes  a  gauge  density  of  1  g/cm*. 

one  lance  systems 

a)  outer  protecting  ppt 


fig.  2:  Designs  of  one  lance  systems  for  simplified  soil 
pressure  gauge  application 
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If  a  mixture  of  water  and  magnesium  dichloride  is  used,  higher  densi¬ 
ties  are  possible.  With  other  fluids  gauge  densities  between  1  and 
2  g/cm*  are  conceivable,  to  accommodate  gauge  and  sm  I  density.  When 
the  air  bubbles  are  pushed  out  of  the  system,  the  valve  is  clostd 
and  the  experiment  starts.  When  the  tire  rolls  over  the  gauge,  the 
pressure  in  the  system  rises.  The  maximum  value  can  be  recorded  by 
a  manometer  with  towed  pointer  or  >ie  can  apply  a  usual  pressure 
gauge  with  recording  system  to  measure  dynamic  processes,  lo  improve 
the  handling  abilities  of  this  measuring  principle,  it  was  tried 
to  design  one  lance  systems  shown  in  fig.  2.  Here  the  three  steps 
in  fig.  1  are  combined:  The  cone  forms  the  hole  in  soil  and  trfien  the 
protecting  or  supporting  pipes  are  retracted,  th*  fluid  filled  sili¬ 
cone  hose  with  a  wall  thickness  of  1  nr  gets  flexible  similar  to 
the  ballon.  The  most  significant  advantage  of  the  one  lance  system 
is,  that  turning  out  the  proper  gauge  and  filling  the  system  with 
fluid  is  not  necessary.  Later  more  details  will  be  described. 
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Fig.  3:  Testing  the  pres¬ 
sure  gauge  In  a 
soil  tank  with  sandy  loam 
of  different  dry  densities 


First  *he  properties  of  the  two  lance  system  should  be  shown.  In 
fig.  3  the  curves  of  the  soil  pressure  p0  in  the  gauge  are  plotted 
against  the  linkage  z  of  a  circular  plate  moving  into  a  tank  with 
sandy  loam  of  different  densities.  Increasing  plate  pressures  pp 
cause  increasing  gauge  pressures  Pg.  With  the  bulk  density  the  final 
values  at  z  *  10  cm  of  pp  and  of  pg  rise,  whereas  the  caracteri sties 
of  the  curves  don't  change.  (The  water  content  was  15  t.) 

Fig.  4  gives  evidence  of  the  tests  varying  the  inclination  a  of 
gauge  and  pipe.  The  influence  is  of  the  order  of  the  variations  caused 
by  soil  preparation.  The  reason  may  be,  that  the  gauge  is  exposed 


to  the  varying 


Fig.  4:  Influence  of  gauge 
inclination  01  on 
the  measured  pressure  Pg 
in  a  soil  tank  with  sandy 
loam 
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stresses  on  its  surface  and  the  manometer  shows  the  mean  value  of  all 
of  them.  So  turning  the  cylindric  gauge  body  round  its  center  of 
gravity  is  of  almost  no  effect  in  the  range  0°  -  (X  i  40°.  This  fact 
is  of  advantage  during  work  in  field,  because  the  rough  terrain  causes 
considerable  errors  of  the  measurement  of  the  angle  of  inclination  a  . 
Therefore  one  always  has  to  excavate  the  gauge  in  field  after  the  test 
to  determine  its  real  depth  below  the  surface. 


The  record  of  the  gauge  pressure  pg  during  the  roll  over  of  a  tire  is 
plotted  in  fig.  5  against  the  position  x  of  the  tire  relative  to  the 
gauge,  pg  starts  with  zero,  when  the  tire  is  half  a  meter  away  from 
the  gauge.  It  reaches  the  maxima*,  when  the  center  of  the  tire  is 
over  the  gauge  but  does  not  decrease  in  the  same  manner.  The  remai¬ 
ning  pressure  of  0,25  bar  at  x  •  60  cm  reduces  to  values  of  about 
0,1  bar  after  some  minutes  and  then  does  not  change  for  longer  time. 


^  -45  -10  -15  #  15  »  45  cm  M 

pwihnn  of  the  tire  « 

Fig.  5:  Record  of  soil  pressure  Pg  below  •  tire  rolling  over  in  the 
soil  bin  of  the  Institute  for  Agricultural  Engineering  of 
the  Techn.  Univ.  of  Munich 


Mg.  6:  Approximating  the 
distribution  of  the 
wheel  load  6  In  the  contact 
area  of  the  tire  by  three 
single  loads  Gj,  Gj,  G} 

Before  field  tests  were  itade,  it  was  investigated  Aether  the  one 
lance  system  (fig.  2a)  could  be  used.  Fig.  7  shows  the  insufficient 
resulti  The  cavity  caused  by  retracting  the  protecting  pipe  has  to 
be  filled  up  with  compacting  soil  and  therefore  up  to  a  sinkage 
z  ■  2  cm  no  signal  pg  is  measured.  Afterwards  pg  is  much  higher  than 
that  measured  with  the  two  lance  system,  surely  because  the  steel 
cone  and  the  silicon  tube  are  stiffer  than  the  ballon  and  concen¬ 
trate  stresses  on  the  gauge.  The  one  lance  system  with  supporting 
pipe  (fig.  2b)  has  not  yet  been  tested,  but  obviously  this  system 
avoids  the  problems  arising  with  the  cavity  around  the  gauge. 
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Fig.  7:  Pressure  pg  in  sandy 
loan  In  a  soil  tank, 
Measured  with  the  one  lance 
system  (fig.  2a)  and  the  two 
lance  system  (fig.1) 
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Summarizing  the  important  properties  of  the  two  lance  system  In 
fig.  1  one  can  says 

1.  The  hulk  density  of  the  gauge  can  be  fitted  to  that  of  the 

surrounding  soil  by  using  the  right  fluid.  (For  this  first 
tests  only  water  was  used). 

?.  Gauge  application  causes  disturbances  in  soil  as  far  as  the 

drilling  of  the  hole  is  concerned.  The  amount  of  time  for  one 

application  is  less  than  15  minutes. 

3.  The  gauge  does  not  measure  defined  stress  components  in  the 
soil,  but  on  the  other  hand 

4.  the  gauge  orientation  causes  minimal  errors.  So  only  the  com¬ 
parison  of  results  is  possible  at  present. 

5.  Using  pressure  gauges  In  spite  of  manometers  one  is  able  to 

record  dynamic  processes  like  the  roll  over  of  a  tire. 

6.  The  costs  of  the  gauge  are  of  an  amount  of  about  200  -  300  0M, 
if  a  manometer  is  used.  (The  valve  was  built  with  acryl  glass, 
to  be  able  to  observe  air  bubbles  rising  in  the  pipe,  when  the 
fluid  is  filled  in.) 
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F  ield  Tests 


After  introducing  the  measuring  procedure  now  the  results  of  field 
tests  are  described.  First  it  was  investigated  whe...r  the  influence 
of  wheel  load  is  visible  in  field  tro.  Three  vehicles  with  a  wide 

range  of  maximum  rear  wheel  loads  were  tested.  The  maximum  gau.,® 
pressure  Pg  occuring  during  one  roll  over  correlated  to  the  distance 
between  the  contact  area  of  the  tire  and  the  gauge  is  plotted 

in  fig.  8  for  a  smaller  tractor  0  4006  with  8  5  kK  wneel  load  on 

the  rear  tire.  The  curve  of  the  DX  140  tractor  shows  higher  value 

of  Pg.  Its  rear  wheel  load  was  twice  as  high  than  that  of  the  0  4006. 
The  front  wheel  of  the  Fahr  1300  combine  harvester  was  loaded  with 
34,5  kN.  One  recognizes  that  redoubling  the  wheel  load  does  not  lead 
to  redoubled  values  of  the  pressure  Pg  in  a  certain  depth  Sup¬ 
posed  irp j  •  10  cm,  and  the  Pg-values  are  related  to  that  of  the 

small  tractor,  the  heavy  tractor's  pn  is  143  t,  that  of  the  combi  * 
257  t. 


maximum  gauge  procure  pB 


vehicle  Hr#  GPM)  after) 

1  Fahr  300  23126  345  \7 

OX  HO  11.44 1  16,3  U 

_ 0  4006  12442  US  IS 

sandy  loam  w*18,5%  p*t7g/a»> 


Fig.  8s  Gauge  pressures  pg  in  a  sandy  loam  field  below 

vehicles  with  fast  Increasing  maximum  rear  wheel  loads 
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Fig.  9:  Approximating  the  dis¬ 
tribution  of  the  wheel 
load  G  In  the  contact  area  of 
the  tire  length  1  by  five 
uniform  single  loads  GQ 


As  Raghavan  [9,  10,  11,  14,  IS]  pointed  out,  besides  wheel  load  the 
number  of  passes  Is  of  essential  influence  on  compaction.  Fig.  10 
shows  the  sinkages  tj,  Zj,  of  a  tractor  after  the  1st,  5th  and 
10th  roll  over  in  the  same  rut.  The  amount  of  the  maximum  gauge  pres¬ 
sure  pB  increases  from  the  1st  to  the  5th  roll  over  more  intensive 
than  from  the  5th  to  the  10th.  This  multi-pass  effect  on  pB  is  depen¬ 
dent  on  the  initial  pore  volume  P.V.  of  the  field.  Fig.  11  shows 
the  influence  of  vehicle 


Fig.  10*  Gauge  pressures  pb  In  a  field  with  sandy  loam 
after  one,  five  and  ten  passes 


sandy  loam  w»17,5%  p=1,<*g/cm3  PV  =  47V» 


total  load  6km/h  lOkm/h 


rtiatwt  dqrth  z«* 

Fig.  lit  Gauge  pressures  pfl  in  a  soft  sandy  loam  of  high  pore 

volume  P.V.  are  considerably  influenced  by  vehicle  speed 

silty  loam  w*T7,5%  pit^g/cn3  PV  «36% 


total  toad  6 km/h  lOkm/h 


relative  dtpm 

Fig.  12»  Gauge  pressures  pg  in  stiff  silty  loam  of  low  pore 

volume  P.V.  are  unessentialy  Influenced  by  vehicle  speed 


i) 
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speed  in  a  soft  sandy  loam  with  high  pore  volume  P.V.  *  47  X  and  a 
dry  density  of  P*  1.4  g/cm*.  Increasing  speed  reduces  the  values 

of  Pg.  If  one  compares  this  results  with  those  of  a  silty  loam  with 
higher  initial  dry  density  P»  1,7  g/cm'  and  a  smaller  amount  of  initial 
pore  volume  P.V.  ■  36  *  in  fig.  12,  one  realizes,  that  only  wheel 
load  makes  an  effect,  if  the  pores  filled  with  air  are  of  considerable 
smaller  amount.  So  in  the  silty  loam  field  the  Influence  of  vehicle 

speed  is  not  visible.  Both  soils  had  a  water  content  of  about  17,5  X. 

Sol tynski  [13]  and  Stafford  [16]  have  found  similar  tendencies  by 
investigating  the  increase  of  bulk  density  in  soil  below  tires  rolling 
over . 

This  view  on  some  field  tests  should  have  demonstrated,  that  the 
introduced  gauge  is  useful  to  compare  the  Influence  of  different 
vehicle  weights,  speeds  and  numbers  of  passes  on  soil  compaction. 

First  Simple  Analytical  Analysis 

Now  it  1  tried  to  apply  the  formulas  stated  by  Soehne  [1].  The  verti¬ 
cal  stress  Oz  in  a  depth  ireJ  below  the  load  axis  of  a  circular 

plate  of  radius  r  with  uniform  load  distribution  pp  in  a  soil  with 
;he  stress  concentration  factor  vis  (cf .  fig.  3)« 


o*  *iy  (i”Coswp) 

(1) 

(2) 

02  1*  not  identical  with  the  pressure  measured  by  the  gauge.  But 
we  know,  that  02  Is  the  highest  stress  component  appearing  at  the 
gauge.  The  stresses  Ot  together  with  all  other,  smaller  stress  compo¬ 
nents  acting  on  the  fluid  filled  cylindrical  ballon,  produce  a  mean 
stress  pB  in  it.  Therefore  on  can  state > 

P^mC-0,  0«C«1 

(3) 

If  the  plate  pressure  pp  Is  expressed  by  the  formula 
sinkage  tests: 

describing  plate 

(•) 
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we  can  combine  formulas  (1)  to  (4): 


The  curves  in  fig.  3  are  well  approximated  by  (5),  if  the  constants 
of  table  1  are  used: 

table  li 


p(g/cm*) 

k  (N/cm*) 

n  (-) 

c(-) 

v(-) 

zB  (cm) 

1,3 

4,8 

0,46 

0,43 

6 

1 

1,5 

9,0 

0,46 

0,85 

5 

1 

1,7 

15,5 

0,46 

0,85 

4 

1 

(zg:  reference 

depth) 

The  stress  concentration  factors  V  had  been  chosen  analogous  to  those 
Soehne  [1]  used  in  his  paper.  The  assumption  that  0  «c  <1  came  true. 

To  calculate  the  vertical  stress  02  in  the  distance  x  from  the  load 
axle  of  the  tire  in  a  depth  of  zre)  below  its  contact  area,  formula  (6) 
is  useful  (cf.  Soehne  (I])« 

cosd* 

r» 

(V:  stress  concentration  factor) 

To  take  into  account,  that  the  wheel  load  G  is  distributed  over  the 
contact  area  of  the  length  1  of  the  tire  with  radius  R  one  can  use 
the  formulas  (9)  and  (10) > 


(6) 

(7) 

(8) 


(*i  tire  sinkage) 


[ml  R-(R-l)*  (’> 


Here  i  is  the  index  of  a  proper  single  load  Gj  shown  in  fig. 
■  is  the  number  of  single  loads. 


6. 
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Regarding  (3)  we  get  the  term  for  the  gauge  pressure  pg: 

G,  / 

q-£q, 

1*1 

In  fig.  5  the  results  for  »*1,  m*3  and  m«6  are  shown  for  the  distances 
x  *  -30  cm,  -15  cm  and  x  •  0  cm.  The  wheel  load  G  was  divided  up 
into  uniform  single  loads  Gp  The  constants  c  resulting  from  the 
calculations  with  a  different  number  m  of  single  loads  shows  table  2: 


(11) 

(12) 


table  2: 


m  ( - ) 

Gj  (N) 

c  (-) 

V(-) 

1 

15  000 

0,31 

5 

3 

5  000 

0,48 

5 

6 

2  500 

0,48 

5 

V  was  set  to  5, 

because  the 

soil  bin 

loam  used  for  the  soil  tank  tests  (fig.  3).  The  mean  density  in  the 

bin  was  p*  1.5  g/cm’  and  the  water  content  (dry  base)  w  *  15  %. 

Fig.  5  shows,  that  the  step  from  m*l  (1  single  load)  to  m*3  (3  single 

loads)  improves  the  result  of  the  calculation  significantly,  but 
not  the  step  from  m*3  to  m*6.  In  the  latter  case  also  c  does  not 
change.  Perhaps  a  better  fit  would  be  reached,  if  the  wheel  load 
G  is  divided  up  along  the  contact  length  1  and  along  the  tire  width  B 
into  single  loads.  The  lower  constants  c  compared  with  those  of  the 

soil  tank  tests  (table  1)  are  Imaginable,  if  one  takes  into  account, 

that  in  the  tank  with  a  diameter  of  0,4  m  soil  flow  in  horizontal 

direction  is  more  hindered  by  the  side  walls  of  the  tank  than  in 
the  soil  bin  where  the  walls  have  a  distance  of  2.5  m.  So  the  small 

main  stresses  in  the  tank  will  be  greater  than  in  the  soil  bin. 

At  last  the  field  tests  of  fig.  8  are  discussed.  Because  tires  are 
concerned,  the  formulas  (6)  to  (12)  are  used  for  the  analysis.  The 
sandy  loam  had  a  dry  density  of  1,2  g/cm*  and  a  water  content  of 
18,5  t.  Therefore  a  stress  concentration  factor  V  »  4  was  a.sumed. 
The  wheel  loads  acting  on  the  rear  tire  were  divided  up  into  five 
uniform  single  loads  Gq  applying  the  experiences  made  with  the  evalua¬ 
tion  of  the  soil  bin  tests.  For  different  depths  zrej  the  pressures 
PB  in  the  load  axle  were  calculated. 
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Formula  (11)  for  this  purpose  becomes: 

5  r 


f  f  fii  (  V 


Vc  £ 


If  symmetry  is  taken  into  account  (  cf.  fig.  9  ) ,  we  get: 


V  1  2  /  Zr*  \V 

,bSCi°"v  *i.j«aV5^r-r 


W  f- 


Table  3  shows  the  constants  used  for  the  calculations  and  in  fig.  8 
the  results  are  plotted. 

table  3: 


tire 

rear  wheel 

sinkage 

tire 

length  of 

single  load 

load 

radius 

contact  area 

di stance 

G  (kN) 

i  (cm) 

R  (cm) 

1  (cm) 

x  (cm) 

12.4-32 

8.5 

2.25 

69,75 

31.0 

7,75 

18.4-38 

16.3 

8,83 

89,75 

39,0 

9.75 

21  -  3-26 

34.  i 

12,25 

83.00 

43,4 

10,85 

Best  fit  was  achieved  by  putting  c  *  Cp  *  0,36  in  formula  (14).  Com¬ 
pared  with  the  value  of  c  calculated  for  the  soil  bin  test  (fig. 
5)  c^  *  0,48  in  the  field  c  was  lower. 

This  short  view  on  mathematical  description  shows,  that  the  formulas 
stated  by  Soehne  [1]  need  only  the  modification  with  the  factor  c, 
to  regard  the  gauge  properties.  Surely  this  few  results  are  not 
adequate  to  give  evidence  about  all  aspects  of  the  constant  c,  but 
it  is  encouraging  to  see,  that  Just  simple  assumptions  for  the  calcu¬ 
lations  yield  good  fit.  Further  tests,  easy  to  do  with  the  described 
gauge,  will  show  more  about  the  parameters  influ  nctng  c.  Especially 
the  correlation  between  c,  stress  concentration  factor  v  ,  dry  density 
pand  the  water  content  w  should  be  investigated. 

Cone  lusions 

A  cheap  and  handy  gauge  to  measure  pressures  in  soil  below  tires 
and  pressure  plates  was  introduced.  The  influence  of  soil  density 
and  gauge  inclination  on  the  measured  pressures  was  shown.  Tests 
>n  the  soil  bin  proved,  that  the  gauge  can  be  applied  in  dynamic 
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t"-ts.  T  tie  problems  a'lsmj  by  simplifying  the  test  mode  with  one 
arte  'ystems  were  oenonst>  ated.  In  spite  of  the  wail  thickness  of 
f. 5  mi  naninQ  the  inherent  stiffness  of  the  ballon  negligible,  several 
n-ission'-  n  fn  lo  showed,  thit  the  gauge  is  sturdy  enough  for  scientific 
purpose  .  Van, it  on  of  wheei  load,  number  of  passes  and  vehicle  speed 
yielded  well  d'  stmgt,  isnablt  results.  Some  of  them  could  be  descnbtd 
by  the  well  known  formulas  of  Soehnt  [1],  Modifying  them  by  a  factor 
c  and  making  simple  assumptions  about  load  distribution  in  the  contact 
area  o<  the  tires,  led  to  results  encouraging  to  further  tests. 

•  itldmj  more  oe'ails  about  this  type  of  pressure  gauge. 
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ABSTRACT 

Soil  compaction  ia  one  of  the  moat  effective  methoda  for  aoll  stabili¬ 
zation  and  is  performed  in  moat  earthworks  of  earth  dams  and  road  embank¬ 
ments,  etc.  However,  because  its  quality  control  depends  upon  tests  per¬ 
formed  at  only  several  points  in  the  fields  to  estimate  such  factors  as 
the  dry  density,  water  content  and  C.B.R.,  misjudgement  can  occur  when 
Judging  the  degree  of  soil  compaction  required.  s _ 


*  • 


The  vibrating  behaviour  of  an  exciter  ia  thought  to  be  affected  by  the 
ground  conditions.  Then  the  degree  of  soil  compaction  can  be  Judged 
easily  throughout  the  fields  by  measuring  the  vibrating  behaviour  of  the 
exciter. 

For  the  proposed  exciter  and  quality  control,  this  study  examinee  the 
experimental  and  analytical  researches  that  were  conducted  to  identify 
the  problems  that  occur  when  applying  the  method  to  actual  compaction. 


1.  I WTHODUCT 10W 

Quality  control  in  soil  compaction  usually  depends  upon  such  parameters 
as  the  dry  density,  water  content  and  C.B.R.  However,  the  measurements 
of  these  parameters  are  time  consuming  and  are  taken  at  only  several 
points  in  the  fields. 

Vibratory  rollers  for  compacting  soil  are  being  employed  increasingly 
in  construction.  The  characteristic  behaviours  of  vibratory  rollers 
change  with  increasing  ground  stiffness.  Thus,  the  degree  of  soil  com¬ 
paction  required  can  be  Judged  by  categorizing  the  changing  behaviours 
of  rollers. 

Though  this  idea  was  realised  by  some  apparatus  on  the  market  for  Judg¬ 
ing  the  quality  of  compacted  soil  through  the  acceleration  of  rollers, 
it  has  not  been  propegeted  in  construction.  The  authors  made  field  exper¬ 
iments  with  a  vibratory  roller  and  investigatsd  the  relationship  between 
the  acceleration  of  the  vibratory  roller  and  the  moil  compaction.  Theae 
experiments  showed  clearly  that  the  acceleration  amplitude  of  the  vibrato¬ 
ry  roller  le  effected  by  condition!  of  the  roller  machine,  especially  by 
changeable  frequency,  end  that  the  quality  control  of  soil  compaction  is 
difficult  to  obtain  directly  In  relation  to  the  acceleration  amplitude 
of  the  vibratory  roller.  But  the  behaviour  of  the  vibratory  rollers  cer¬ 
tainly  changes  with  increasing  aoll  stiffnasa,  and  so  the  degree  of  soil 
compaction  can  be  Judged  by  applying  the  fundamen.al  relationships  between 
soil  and  machine  characteristics.  Thus,  thla  research  Investigates  the 
dynamic  intaractlon  between  the  soli  vibratory. machine  system  and  the 
quality  control. 


ERi/v.’* 
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To  simplify  the  analyses  and  experiments,  analyses  and  exper  lm«  r  •  a  •! 
the  behaviour  of  a  small  exciter  were  conducted  aa  follows. 

(1)  A  mass-spring-daahpot  model  was  employed  for  tho  analytical  represen¬ 
tation  of  the  exciter  dynamics  with  which  the  vibrating  behaviours  ■  'he 
exciter  were  calculated.  The  results  of  the  analyses  showed  that 
acceleration  of  the  exciter  increased  with  increasing  soil  atiffne-.^  . 

(2)  Experiments  to  verify  the  analyses  were  performed  by  compactir.i  t 
soil  in  a  soil  bln  with  a  small  exciter.  The  relationship  between 
vibratory  properties  and  the  soil  compaction,  especially  the  dry  c 

of  the  soil,  was  researched  by  measuring  the  acceleration  of  the  exc i 
with  an  attached  accelerometer.  The  results  of  the  experiments  confi'mcd 
the  name  tendency  as  the  analyses,  in  that  the  acceleration  of  the  exciter 
increased  with  increasing  dry  densities. 

(3)  Other  experiments  and  analyses  were  performed  to  research  the  adapt¬ 
ability  of  a  mass-spri ng-dashpot  model  for  representing  prototype  prob- 
lesta.  The  results  from  Investigations  of  the  vibrating  behaviours  of  '  t  » 
exciter  under  various  conditions  of  weight  and  dynamic  force  ascertained 
the  adaptability  of  the  model  for  prototype  problems . 

(4)  A  new  test  was  conceived  to  detensine  the  equivalent  values  of  the 
spring  constants  and  damping  coefficients  for  various  soils.  A  hamster 
was  dropped  on  the  soil  surface  and  the  vibrating  properties  of  the  hamster 
were  measured  with  an  attached  accelerometer .  The  soil  parameter  values 
are  determined  from  the  vibrating  properties  of  the  hamster  and  consequent¬ 
ly  applied  in  analyses  of  the  exciter  dynamics. 

Aa  a  result  of  all  the  investigations,  a  method  that  spiles  a  mass- 
soil  system  was  proposed  for  evaluating  the  quality  control  of  soil  coat- 
paction. 


2.  ANALYSES  Of  THE  EXCITER  DYNAMICS 


Soils  are  compacted  with  various  types  of  rollers  in  all  earth  dams, 
embankstents  and  other  soil  structures.  Soil  stiffness  increases  with 
advancing  soil  compaction. 

The  vibrating  behaviours  of  an  exciter  on  soft  ground  are  different 
from  those  on  compacted  ground.  Then  a  mass-spring-daahpot  model  was 
applied  to  Investigate  the  relationship  between  the  soil  stiffness  and 
the  vibrating  behaviours  of  the  exciter. 

The  dynamic  analyses  of  an  exciter-aoll  system  were  conducted  with  the 
one-degree-of-freedom  lumped -parameter  system  shown  in  Fig.  2-1.  The 
exciter  generates  the  periodic  dynamic  force  Fp,  which  is  represented  by 

Fp  -  F,  sin  wt 


where 


u 

t 


maximum  dynamic  fores  (  N  ) 

circular  vibration  frequency  (  rad /sec  ) 

time  (  sac  ) 
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Fig.  2-1  Mass-Soil  System  Model 
for  Analytes 


The  ground  la  replaced  by  the  spring  (  of  spring  constant  k  )  and  the  ; 

dashpot  I  of  damping  coefficient  c  ),  that  represent  the  equivalent  soil 
characteristics.  The  fundamental  equation  for  dynamic  equilibrium  of  the  ■ 

mass-apr lng-dashpot  model  is  i 

» 

..  • 

(m»mB)x*cl*k*-F»  sin  <at  (  1  )  j 

where  m  is  the  mass  of  the  exciter,  m,  is  the  mass  of  soil  which  moves 

with  the  same  phase  as  that  of  exciter,  and  x  Is  the  displacement  of  the  j 

exciter.  Thla  case  occurs  when  the  weight  exceeds  the  dynamic  force  of 

the  exciter  such  that  the  exciter  doesn't  leave  the  ground.  | 

The  solution  of  eq.(l)  Is  obtained  by  neglecting  the  transient  vibra-  ! 

t i on  and  by  employing  only  the  regular  vibration,  and  given  by  i 

x  •  X  sin  (  ut  <  6  )  Fg  to>2 

K  -  - 

x  ■>  Kuicos  (  ut  ♦  6  )  c*  ♦  {  k  -  (  *  ♦  )«*  }J 

x  *  -  Kui3  sin  (  wt  ♦  8  )  cti 

tan  6  - - <  2  ) 

k  -  (  m  ♦  m^  (w* 

These  analyses  utilize  a  soil  spring  constant  k  and  a  damping  coeffi¬ 
cient  c  to  represent  equivalent  soil  parasieters.  However,  these  param¬ 
eters  change  as  the  soil  is  compacted ,  in  that  the  equivalent  spring 
constant  and  damping  coefficient  of  the  soil  are  thought  to  increase  with 
advancing  soil  compaction. 

The  acceleration  amplitude  of  the  exciter  was  calculated  from  eq.(2) 
to  investigate  the  relationship  betwaen  tha  soil  stlffnasa  and  the  behav¬ 
iours  of  the  exciter.  In  thla  calculation,  the  earns  values  ware  applied 
for  exciter  weight,  dynamic  force  and  frequency  as  those  of  the  actual 
exciter  used  in  later  experiments,  while  the  soil  paraawters  were  deter- 


(  mined  using  the  results  of  past  studies  about  stiffness  and  damping. 1) 


//Lfi 
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The  spring  constant  is  obtained  by  multiplying  the  coefficient  of  the 
subgrade  reaction,  k'  by  the  constant  area  of  the  exciter,  A.  In  the  case 
above,  A  was  900  cm  .  In  order  to  compare  the  analytical  result  with  the 
experimental  result,  the  value  of  was  determined  such  that  the  acne; 
eration  values  obtained  from  the  analyses  were'  nearly  equal  to  thos* 
values  obtained  from  the  later  exper imenta . 

The  soil  mass  moving  with  the  exciter  is  affected  by  the  soil  type, 
density  and  water  content,  in  addition  to  weight,  dynamic  force  and  fre¬ 
quency  of  the  exciter.  The  amount  of  soil  moving  with  the  exciter  remains 
unclear  despite  many  past  studies.  Besides,  the  main  object  of  the  analy¬ 
ses  was  to  identify  and  verify  the  soil  and  e>citer  behavioral  character¬ 
istics,  not  to  obtain  the  exact  solution.  Considering  these  matters,  the 
value  of  m(  was  determined  as  mentioned  above. 

The  acceleration  amplitudes  of  the  exciter  calculated  with  the  above 
paraxwters  (  c-1  kN  sec/m  )  are  shown  plotted  against  various  values  of 
the  spring  constant  in  Fig.  2-2.  The  soil  stiffness,  and  thus,  the  soil 
spring  constant  increases  aa  soil  la  coagiacted.  Hence,  the  abscissa  of 
the  figure  represents  the  degree  of  soil  compaction.  Consequently,  the 
acceleration  amplitude  of  the  exciter  increases  with  advancing  soil  com¬ 
paction. 

The  acceleration  amplitude  of  the  exciter  was  calculated  in  the  same 
way  as  the  spring  constant  for  various  valuea  of  the  damping  coefficient, 
but  remained  almost  constant,  and  thus,  Independent  of  the  damping  coeffi¬ 
cient. 

In  sumoary ,  the  aass-sprlng-dashpot  model  analyses  demonstrate  that 
the  acceleration  asiplltude  of  the  exciter  increases  with  increasing  soil 
stiffness. 
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..  rVf'KHWNTAl  hF.St  AHCHES  ABOUT  KXC1TEH  BEHAVIOURS 

were  performed  to  verify  the  results  of  the  above-mentioned 
t  r  ex v  iter  behaviour*,  and  are  described  below. 

a  Apparatus  and  Soil  Sample 

The  apt  -*t  at  us  used  were  as  follows: 

a  sea.,  ex  i • er  *:th  two  eccentric  masses  rotating  around  two  axles. 

F  l  k  .  *-l 

ej.-.jeei.t  Ur  measuring  the  acceleration  of  the  exciter.  (  Fig.  3-2  ) 

.«f  r  e  :  erometer .  amp.ifier  and  electro-magnetic  oscillograph.  ) 

e  s>  •!  .  M  ’>  ■  Fig.  3-2  ) 

Sandy  s ...  1  wan  ,aed  in  the  experiments  with  specific  gravity  of  2.64.  and 
a  parti,  .e  distribution  curve  that  is  shown  In  Fig.  3-3. 

t  Prut  edure  of  Experiments 

.  .  .an  tel  m  a  soil  bin  with  a  saal  1  exciter  and  the  accelera- 

•.  «mf  .  .  t  xlx  t  this  exciter  was  measured  with  the  acceleroeieter  for 
.%r  .  .h  ->f  noil  rofflpac 1 1 on . 

’t.e  eaa.ie.  a.  celer  ttion  amplitudes  of  the  exciter  are  plotted  against 
•  i:  »  ler  *,  t.ea  ir.  Ftg.  3-4,  The  acceleration  amplitudes  of  the  exciter 
«an*d  m.-r  in.  r easing  dry  Jenaitlee,  that  is,  advancing  soil  compact- 
.  r  m-  result  is  consistent  with  the  trend  predicted  by  the  above- 
<*i  •  w  i  analyses  applying  a  mase-eprlng-daehpot  model.  Hence,  the 

>eui  ee  •  j.  .  •  neper  f  i  or.  ran  be  Judged  using  the  acceleration  amplitude 
!  •  •  e  .  Or  a'  1  >41  ear  i ter  on  the  ground. 


897 


tig..  3-4  Results  of  Experiments  for  Vibrating 
Behaviours  of  the  Exciter 


4.  ADAPTABILITY  OF  A  MASS-SPRI NG-DASHPOT  MODE L 

Although  the  mass-spring-daahpot  modei  is  easy  to  treat  and  has  been 
applied  in  many  past  cases  foi  the  vibrations  of  foundat ions , 1 )  the  be¬ 
haviours  of  vibratory  rollers2)  and  others,  the  Bole  use  of  this  model 
for  thorough  analyses  remains  questionable.  ThuB,  this  chapter  presents 
additional  analyses  and  experiments  that  investigate  the  model's  adapt¬ 
ability  to  actual  problems  in  exciter  dynamics. 

i  a  )  Procedures  of  Analyses  and  Experiments 

The  dynamic  force  and  weight  of  the  exciter  affect  its  vibrating  be¬ 
haviour.  The  acceleration  amplitudes  of  the  exciter  were  measured  for 
various  weight  and  dynamic  force  conditions,  and  the  results  were  compared 
to  the  theoretical  analyses. 

The  apparatus  of  the  experiments  were  same  as  those  in  the  previous 
chapter,  although  the  weight  of  the  exciter  could  be  changed  by  adding 
ateel  plates  on  the  exciter,  and  the  dynamic  force  could  be  changed  by 
exchanging  two  eccentric  masses  inside  the  exciter. 

<  b  )  Results  and  Discussions 

The  acceleration  amplitude  from  the  results  of  analyses  and  experiments 
is  plotted  sgsinst  various  weights  of  the  exciter  in  Fig.  4-1  and  Fig.  4-2, 
respectively.  The  figures  demonstrste  that  the  results  of  the  analyses 
are  consistent  with  the  trend  observed  in  the  experiments. 

Fig.  4-3  and  Fig.  4-4  show  the  results  of  enalyses  and  experiments  for 
the  acceleration  ampl  1  tude  against  various  dynastic  forces  of  the  exciter, 
respectively.  Similar  to  before,  the  same  trend  is  observed  In  the 
analytical  and  experimental  results,  each  other. 
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S.  iiETERHl  NATION  OF  SPRING  CONSTANT  ANt>  bAKPING  COEFFICIENT 


The  equivalent  spring  constant  k  and  damping  coelficlent  c  of  the  soil 
are  difficult  to  determine,  because  they  depend  on  such  ground  conditions 
as  the  type,  density,  water  content,  etc.  This  chapter  suggests  a  new 
test  for  measuring  spring  constants  and  damping  coefficients  of  soils, 
then  applies  the  obtained  parameters  to  the  analysis. 

Since  the  vibrating  behaviours  of  a  hammer  dropped  on  the  ground  are 
thought  to  depend  on  the  ground  conditions,  the  soil  parameters  k  and  c 
can  be  determined  from  the  vibrating  properties  of  the  dropped  hammer. 


The  equation  of  motion  for  the  dropped  hammer  is  formulated  by  applying 
a  spn ng-dashpot  model  for  the  soil  to  yield: 

m5?*c2*kz~0  ( 


where  m 
k 

c 

z 


mass  of  the  hammer 
spring  constant  of  the  soil 
damping  coefficient  of  the  soil 
displacement  of  the  hammer 


Eq.(3)  expresses  the  behaviours  only  while  the  hammer  Is  in  contact 
with  the  ground:  otherwise,  the  equation  of  motion  for  the  hammer  above 
the  ground  can  be  expressed  as  follows. 

m  z  «  m  g  (  4  ) 


where  g  is  the  acceleration  of  gravity. 


Eq.(3)  can  be  solved  with  the  initial  condition  that  at  txj  :  z»0  and 


z=/>gH  ; 


e01  A  sin  Bt 


(  b  ) 


z  •  e011  A  {(  a*  -  82  )  sin  Bt  ♦  2a8cos  Bt  }  16) 


where 


a 


c 

2  m 


/ 4mk  -  c* 

b  - 1  nr — 


A  “ 


2m  /2gH 
4mk  -  c* 


H  is  the  height  of  the  hammer  above  the  soil  surface  before  being  dropped. 

Fig.  5-1  (a)  shows  the  predicted  displacement  and  acceleration  waves 
of  the  ham»'  r  dropped  on  the  soil  surface  from  eq.(4),  eq.(5),  and  eq.(6). 
Fig.  5-1  (b)  shows  the  displacement  end  acceleration  waves  obtained  in  an 
experiment.  The  waves  obtained  by  experiment  are  similar  to  those  by 
theoretical  prediction,  hence,  the  mass-spri ng-dashpot  model  ie  thought 
to  adequately  express  the  behaviour  of  the  hammer-soil  system. 


i 
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(  a  )  Theoretical  Prediction  (  h  )  ReBult  of  Experiment 

Fig.  S-l  Misplacement  and  Acceleration  Waves  of  Hammer 


By  solving  eq.(6),  the  spring  constant  k  and  the  damping  coefficient 
c  were  obtained  as  follows. 


k  .- 


m 


2m  w 


c 


2  m 
T 


In 


z 

max  2 


T 


max  i 


(  7  ) 

(  8  ) 


where  f 

maxi 

* 

max] 

T 


the  first  maximum  amplitude  of  acceleration  waves. 

the  second  maximum  amplitude  of  acceleration  waves. 

the  period  between  the  time  the  hammer  researches  the 
soil  surface  to  the  time  it  Jumps  from  the  soil  surface. 


Thus,  the  spring  constant  k  and  damping  coefficient  c  can  be  determined 
after  measuring  the  values  of  8  ,8  and  T  in  the  hammer  dropping 

teat.  "***  maxi 


The  next  section  presents  the  values  of  k  and  c  that  were  measured  in 
the  experiments  uclng  the  soil  described  in  the  above-nent ionrd  experiment 
for  the  exciter  behaviours. 

The  soil  was  compacted  into  a  mold  in  those  experiments  that  investi¬ 
gated  the  relationship  between  the  soil  parameters  and  soil  conditions, 
especially  dry  density,  and  into  a  soil  bln  in  those  experiments  tha* 
evaluated  the  parameters  required  in  later  analyses. 
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(  1  )  Values  of  k  and  c  for  tha  Soli  Compacted  in  a  Mold 

(  a  )  Apparatus 

Tha  apparatus  used  in  this  taat  la  shown  in  Fig.  5-2.  Tha  hamster  was 
guided  by  a  connecting  rod  through  holea  in  two  cteel  plataa.  The  hamster 
waa  dropped  on  the  aoi 1  surface  in  a  mold,  and  lta  vibrating  behavioura 
were  recorded.  The  weight  and  diameter  of  the  hammer  were  2.57  kgf  and 
50  mm,  respectively .  The  diameter  and  height  of  the  mold  were  100  aae  and 
127  mm,  respectively.  The  hammer  and  mold  are  the  equipments  provided  in 
J1S  (  Japanese  Industrial  Standard  )  A  1210. 

The  hammer  behaviour  waa  represented  by  its  acceleration,  which  waa 
measured  by  an  attached  acceleroaMter.  The  acceleration  was  transformed 
into  an  electric  signal  by  an  acceleroateter ,  amplified  by  an  amplifier, 
and  read  from  the  elec tro -magnetic  oscillograph. 

(  b  )  Soil  Sample 

In  these  tests,  the  aoil  sample  and  its  water  content  were  the  same  as 
those  used  in  the  above-men t i oned  experiments  for  the  exciter  behaviours. 


(])  rod 


Fig.  5-2  Apparatus  of  Experiments  for  Hammer 
Dropping  Test  with  a  Mold 
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•  c  t  Procedures  of  Experiments 

The  hammer  was  dropped  on  the  compacted  soil  in  a  mold  and  i ts  accel¬ 
eration  was  measured  and  recorded  while  it  was  moving  on  the  soil  surface. 

The  values  of  z...  r. .  zacx2,  and  T  were  read  from  the  output  of  the 
electro-magnetic  oscillograph,  and  substituted  into  eq.(7)  and  eq.(8)  to 
calculate  the  spring  constant  k  and  damping  coefficient  c,  respectively. 

The  test  was  repeated  for  five  different  soil  dry  densities,  which  were 
prepared  by  compaction  with  5,  10,  20,  30,  and  -15  blows  of  the  hammer  per 
one  layer.  The  compaction  procedure  used  a  2.5  kgf  hammer,  three  soil 
layers,  and  a  drop  height  of  30  cm. 

(  d  )  Results  of  Experiments 

The  values  of  k  and  c  obtained  from  these  experiments  are  plotted 
against  the  dry  density  in  Fig.  5-3  and  Fig.  5-4,  respectively,  which  show 
that  both  k  and  c  increase  with  increasing  dry  density. 


JC 


5-3  Results  of  Experiments 
for  the  Relationship 
between  k  and  t 

a 


Eig.  5-4  Resulta  of  Experiments 
for  the  Relationship 
ba tween  c  and 


(  2  )  Values  of  k  and  c  for  the  Soil  in  a  Soil  Bin 

The  atlffneas  and  damping  properties  of  the  soil  are  thought  to  be  de¬ 
pendent  on  the  restraint  condition.  For  example,  the  stiffness  of  the 
restrained  soil  is  larger  than  that  of  the  unrestrained  soil. 

Consequently,  the  values  of  k  and  c  for  the  compacted  soil  in  a  mold 
were  expected  to  be  different  from  those  of  the  aoll  in  the  soil  bin,  and 
no  k  and  c  values  war#  measured  for  the  eoil  in  the  soil  bin  used  in  the 
above-mentioned  experiments  for  the  exciter  behaviours. 
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The  apparatus  used  in  the  experiments  is  shown  in  Fig.  5-5.  The  same 
mechanism  was  used  for  measurement  of  the  hammer  acceleration  aa  in  the 
experiments  with  a  mold.  Since  the  soil  bin  was  enough  large  compared  to 
the  area  of  the  hawser,  the  soil  la  considered  unrestrained. 

The  left  columns  of  Table  5-1  show  results  obtained  from  the  expe.  i- 
ments.  The  values  of  k  and  c  measured  for  the  unrestrained  soil  are 
smaller  than  those  of  the  restrsined  soil  described  in  Fig.  5-3  and  Fig. 
5-4.  This  reduction  is  thought  to  be  affected  by  the  soil  type,  density, 
and  water  content,  and  the  size  of  the  Mold. 

Later  analyses  on  the  exciter  behaviours  were  performed  using  the  pa¬ 
rameters  obtained  from  the  soil  in  a  soil  bin  in  order  to  compare  the 
results  of  experiments  mentioned  in  chapter  3.  Note  that  the  parameters 
in  a  soil  bin  can  not  be  determined  from  those  of  the  s»old-comp acted  soil 
due  to  the  complicated  influence  of  the  restraint  conditions. 


Fig.  5-5  Apparstus  of  Experiments  for  Hawser  Dropping 
Test  with  a  Soil  Bin 


Table  5-1  Results  of  Analyses  with  k  and  c  obtained  from 
the  Hawser  Dropping  Test  with  a  Soil  Bin 


1 

2 

3 

1  ' 

4 

) 

0 

y 4 

<  %/cm*  ) 

V 

(  *  ) 

k 

(  m/m  ) 

c 

(  UtoM/a  ) 

iiHlmtiw 

wmw. 
sr  mwir*t. 

<  «  > 

MMltVMU* 

o*lic«0«  or 
MMrl—l 

(  s  > 

1 

1.41) 

2.42 

0.242 

0.  *00 

0. 224) 

1 

i.m 

1.2* 

0.414 

0.MJ 

0.2*0) 

0.02 

1 

mi 

1.41 

0.424 

1.001 

0.4002 

0.20 

704 


(  3  )  Analyses  of  the  Exciter  Acceleration 

The  acceleration  amplitudes  of  the  exciter  were  calculated  using  soil 
parameter  values  that  were  obtained  through  previously  described  means, 
and  the  results  are  compared  with  those  of  the  experiments  in  chapter  3. 

The  analyses  assumed  that  a  20  kg  soil  maaa ,  which  was  about  25  X  of 
the  value  of  F4/g,  moved  with  the  exciter3),  where  ft  is  the  maximum  dy¬ 
namic  force  of  the  exciter  and  g  ia  the  acceleration  of  gravity.  The 
other  parasMters  used  in  the  analyses  are: 

m  «  100  kg  ,  Ft  *  730  N  ,  u  •  125  rad/sec  ,  a#  •  20  kg 

The  twu  right-moat  columns  of  Table  5-1  compare  the  results  of  the 
analyses  with  those  of  the  experiments  for  the  acceleration  amplitude  of 
the  exciter.  The  values  for  the  acceleration  amplitude  determined  by 
analyses  were  slightly  larger  than  those  of  the  experimental  results. 
However,  this  difference  can  be  eliminated  by  increasing  the  soil  mass 
value  m,  in  the  analyses.  More  detailed  research  about  the  moving  soil 
maaa  must  be  conducted  to  obtain  better  agreement  between  the  analyses  and 
the  actual  behaviours  of  the  exciter. 


6.  CONCLUSION 


The  vibrating  behaviours  of  an  exciter  on  the  soil  were  investigated 
through  analyses  applying  a  maas-spr ing-daahpot  modal  and  through  experi¬ 
ments  with  a  small  exciter. 

The  conclusions  obtained  from  the  results  are: 


1  )  The  vibrating  behaviours  of  the  exciter  depend  upon  advancing  soil 

compaction;  in  particular,  the  acceleration  amplitude  of  the  exciter 
increases  with  advancing  soil  compaction  and  increasing  soil  stiffness. 

2  )  The  vibrating  behaviours  of  the  exciter  can  be  predicted  with  a 

mass -spr lng-daahpot  model  If  the  soil  parameters  era  known. 

3  )  Soil  parameters  for  the  equivalent  spring  constant  k  and  damping 

coefficient  c  can  be  determined  from  the  vibrating  behaviours  of  the 
hammer  dropped  on  the  soil  surface  by  applyli^  a  new  test,  which  wee 
described  within. 


is  as  follows. 


The  acceleration  amplitude  of  the  exciter  can  be  calculated  with 
the  soil  parameters  determined  from  this  test.  However,  the  problem 
concerning  the  aoll  aaaa  moving  with  the  exciter  remains  unclear  and 
requires  further  research. 


the  quality  control  for  aoll  coapection  using  a  new  machine 


The  new  machine  should  be  designed  using  the  exciter,  that  has  a 
frequency  more  stable  than  that  of  the  actual  vibratory  rollers,  since 
the  frequency  affects  aignlf lcantly  the  acceleration  amplitude  of  the 
vibratory  machine. 


> 
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b  )  The  acceleration  amplitude  is  measured  with  an  accelerometer 
attached  on  the  nee  machine,  and  the  degree  of  soil  compaction  is 
eatlmated  for  the  construction  ground  through  the  acceleration  of 
the  machine. 

c  )  The  compaction  is  admitted  to  be  finished  when  the  acceleration 
amplitude  of  the  machine  arrives  at  a  criterion  value  that  has  been 
determined  beforehand  for  each  construction  ground.  This  criterion 
value  ia  determined  by  calculation  using  a  mass-apring-daahpot  model. 
The  soil  parameters  required  in  this  calculation  are  obtained  from  the 
hammer  dropping  teat  for  sufficiently  compacted  soil.  The  quality 
control  in  soil  compaction  can  be  successfully  carried  out  through 
these  procedures. 

The  quality  control  with  this  new  machine  is  favorable,  but  further 
research  in  field  testa  is  suggested  in  order  to  substantiate  the 
machine's  applicability. 
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SMOOTHER  TERRAIN-MACHINE 
Progress  report  fro*  en  RAO-proJect 


B.  NARKLUNO 

SME01SH  UNIVERSITY  OF  AGRICULTURAL  SCIENCES  (SLU),  GARPENBERG,  SMEOEN 


(  BACKGROUND 

-r  - 

Damages  by  terrain-vehicles  on  the  ground  end  growing  trees  Is  a  prob¬ 
lem  of  Increasing  laportance  In  forest  operations,  primarily  In  thin¬ 
nings.  These  damages  cause  considerable  loss  of  voluae  and  quality 
yield  In  subsequent  harvesting  operations.  The  Importance  of  this 
problem  Is  expected  to  Increase  for  several  reasons.  One  Is  the  contl- 
nously  Increasing  area  of  thinning  stands  due  to  an  uneven  age  distri¬ 
bution  of  Swedish  forests. -^Another  reason  Is  the  development  towards 
logging  systems  where  tops ,'Nt ranches  etc.  are  utilised  for  energy  pur¬ 
poses.  Under  such  condl tlonsShe  slash  will  not  be  available  as  a 
ground  cover,  protecting  the  soTKfor  compaction  and  root  systems  for 
damages.  Access  to  terra  In-aMCht  no-  less  liable  to  daawging  the 
stand.  Is  therefore  a  crucial  prerequHlte  for  the  successful  develop¬ 
ment  of  future  thinning  tyt tarns.  ^ — — 

The  knowledge  of  how  to  design  less  damaging  terrain  vehicles  Is,  how¬ 
ever,  very  limited.  A  research  project  Smoother  terra  In-machine’  was 
first  out-lined  at  SLU  in  IB78  In  order  to  fill  this  gap  of  basic  know¬ 
ledge.  Following  a  few  years  of  pilot  studies,  evaluation  of  alterna¬ 
tive  research  approaches  and  development  of  measuring  techniques,  the 
project  Is  now  In  a  productive  phase. 

AIM  OF  PROJECT 


The  purpose  of  this  project  Is  to  provide  support  for  the  development 
of  smoother  terrain-machines,  but  does  not  Include  actual  machine  de¬ 
sign.  Included  are  the  analysis  and  quantitflcatlon  of  Interaction 
between  machines  and  the  forest  environment.  In  this  context,  machines 
cannot  only  be  looked  at  Individually,  the  total  harvesting  systems  and 
the  methods  involved  must  also  be  analyzed.  Towards  this  background, 
the  aim  of  the  project  has  been  formulated  as  follows: 

-  to  evaluate  the  effects  of  changes  In  machine  and  systems  design  on 
the  amount  and  character  of  stand  damages. 

This  Indicates  a  rather  broad  frame  for  the  project.  However,  the  em¬ 
phasis  so  far  has  focused  solely  on  dwiget  to  the  ground  and  the  root 
systems. 


PROJECT  STRUCTURE 


After  a  few  failures  In  trying  to  stu<ty  and  analyze  overall  relation* 
ships  between  each Inc  parameters  and  damages.  It  was  realtzed  that  the 
problem  had  to  be  handled  as  an  asseAly  of  partial  and  explanatory  re¬ 
lationships  fitted  together  In  an  overall  structure.  For  this  reason. 
Including  others,  the  project  was  divided  Into  three  key  subprojects. 
This  starting  with  the  basic  machine  design  on  through  to  the  effects 
on  stand  development,  we  looked  at  sequential  cause/effect  relation¬ 
ships. 

The  first  subproject,  named  'Chassf',  deals  with  the  relationships  bet¬ 
ween  machine  paraawters  (causa)  and  the  contact  forces  acting  on  the 
ground  (effect),  the  roots  or  the  trees. 

The  second  subproject  Is  named  'Damages' .  It  concerns  the  relationship 
between  the  acting  contact  forces  (cause)  and  various  kinds  of  damages 
Incurred  (effect). 

The  subproject  'Effects'  deals  with  the  Influence  of  damages  (cause)  on 
the  subsequent  stand  dsval opwant  (effect).  See  figure  1. 


Figure  1.  The  division  of  'Smoother  terrain-machine'  Into  subprojects. 

The  subproject  'Effects'  Is  only  marginally  dealt  with,  since  It  mainly 
concerns  other  competences  than  the  technical  ones,  such  as  growth  and 
yield,  soil  science  and  geology.  The  main  concern  of  the  project  Is 
to  establish  good  cooperation  between  those  sciences  and  support  their 
research  activities  to  evaluate  damage  severity. 

The  division  Into  three  kqy  subprojects  Is  basically  motivated  by  the 
desire  to  simplify  the  relationship  between  bach  1 no  or  systems  design 
and  stand  damages.  The  more  complex  character  of  the  structure  Is  bet¬ 
ter  Illustrated  by  figure  Z. 
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Figure  2.  Schematic  Illustration  of  factor-complexes  that  are  expected 
to  Influence  relationships  between  Machine  design  and  stand 
damages. 

The  following  brief  comments  are  provided  to  help  clarify  figure  2. 
Machine  parameters  of  primary  Interest  are  for  example,  vehicle  weight, 
dimensions,  design  of  ground  contacts  and  transmission  design.  The  re¬ 
lationship  between  such  machine  properties  and  the  forces  acting  In 
contact  areas  is  expected  to  be  Influenced  by  toil  and  topographical 
conditions  as  well  as  the  manners  in  which  the  machine  is  operated. 
Another  damage  influencing  machine  property  is  its  space  requirement, 
which  Is  normal ly  connected  to  the  vehicle  steering  geometry  and  dyna¬ 
mic  properties.  The  transport  capacity  of  machines  as  well  as  the  num¬ 
ber  of  different  machine  types  involved  in  the  harvesting  system  influ¬ 
ence  the  traffic  Intensity  in  the  stand.  Increasing  traffic  intensity 
and  increasing  space  demand  are  both  expected  to  raise  the  risk  for  da¬ 
maging  contact  with  growing  trees. 

The  extent  to  which  the  acting  forces  cause  damage,  would  depend  on  the 
natural  resistance  of  the  medium  that  is  exposed.  The  mediiaas  of  inte¬ 
rest  are  bark  and  wood  of  tree  roots  and  trunks  as  well  as  the  soli. 

The  resistance  of  these  medium  will  vary  with  season,  tree  species, 
soil  types,  weather  conditions  etc. 

In  what  follows,  one  of  the  three  subprojects,  'Chassl',  will  be  more 
closely  described  and  current  achievements  presented. 

TEST  VEHICLE 

An  experimental  rig  that  allows  for  variation  or  simulation  of  relevant 
machine  parameters  was  necessary  to  study  the  Influence  on  forces  in 
the  contact  area. 


We  general Ited  that  the  main  demands  on  our  experimental  rig  included 
the  following: 
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-  It  should  be  possible  to  very  end  study  key  vehicle  pereaeters 

-  It  should  be  possible  to  conduct  verious  experiments,  both  In  the  la- 
bor story  end  on  reel  terreln 

-  the  force  pettcm  end  verletions  In  the  contect  tree  (e.g.  tire  to 
ground)  aust  be  measurable  or  possible  to  reliably  estimate 

Using  the  ebove  crlterle  different  possible  type*  of  reseerch  equipment 
were  discussed,  el 1  the  w ay  from  single-wheel  constructions  to  e  whole 
reseerch  vehicle. 

We  needed  to  continue) ly  remind  ourselves  thet  the  purpose  of  project 
'Chessl'  wes  to  find  the  connections  between  vehicle  perometers  end  the 
interaction  between  vehicle  end  environment.  Thet  cen  meen  e  detenel- 
netlon  of  the  forces  between  tire  end  ground  end  study  how  different 
vehicle  pereaeters  (tires,  transmission,  machine  weight  etc.)  Influence 
these  forces,  or  analysis  of  how  vehicle  dynamics  and  steering  proper¬ 
ties  Influence  space  requirements. 

We  concluded  that  a  single-wheel  test  device  would  be  difficult  to  use, 
because  It  Is  difficult  to  simulate  unknown  relationships.  Also,  since 
such  equipment  Is  not  a  reel  vehicle.  It  would  be  difficult  to  transla¬ 
te  experimental  results  Into  meaningful  vehicle  characteristics.  In 
contrast,  choslng  a  whole  vehicle  could  mean  that  the  results  are  app¬ 
licable  only  to  that  vehicle. 

Our  final  choice  was  a  commercial  forwarder,  which  was  stripped  on  the 
load  carrier  and  rebuilt  for  our  experimental  purpose  (fig.  3). 


m 


.  •  ***,  ; 

sm 


Figure  3.  Kockum  83-35  forwarder. 

The  Kockua  83-3$  Is  a  relatively  small  forwarder.  It  has  a  weight  of 
8, $00  kg,  length  of  8  m,  width  of  2.2  m  and  Is  powered  by  a  Ford  diesel 
engine  rated  at  $0  kw  (80  hp).  It  Is  an  8  wheel  vehclle  with  bogle 
wheel  suspension  In  the  rear  and  front.  Standard  dimension  on  tires  Is 
$00  x  22. S/8,  with  possibilities  to  put  on  other  types  and  dimensions 
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The  transmission  Is  a  Clark  converter  with  3  step  power  shift,  a  drop- 
box,  differential  (nigh  traction)  In  the  rear  and  front,  chain  gearing 
fro*  the  differentia)  to  the  bogle  and  In  the  bogle. 

The  vehicle  has  articulated  steering  with  the  steering  point  half  way 
between  rear  and  front  axles.  The  rear  load  carrying  frame  Is  telesco¬ 
pic  and  can  be  extended  0.7S  a.  Maximum  steering  angle  t  43*.  turn  ra¬ 
dius  6.6  a/7.7  a  (standard/extended). 

KABIATIOM  POSSIBILITIES 

The  possibility  to  vary  different  vehicle  characteristics  limits  the 
use  of  a  commercial  forwarder  as  a  research  vehicle. 

Concerning  damage  to  roots,  standing  trees  and  soil  one  can  see  4  Im¬ 
portant  characteristics  to  vary: 

a)  ground  contact 

b)  geometrical  behaviour  (dimensions) 

c)  dynamical  behaviour  (weight  distribution) 

d)  transmission 

Kockum  83-35  Is  here  quite  suitable, 
a)  6round  contact 

Although  the  vehicle  in  a  standard  commercial  version  Is  equipped  with 
$00  X  22 . 5"/8  404  Trelleborg  tires,  the  manufacturer  allows  two  more 
possible  tires:  500  x  22.5"/12  steel  belt  Trelleborg  and  the  dimension 
400  x  26.5*.  Used  as  a  research  vehicle  the  possibilities  should  be 
limited  only  by  space  requirements  and  the  machine  and  bogie  dimen¬ 
sions. 


Figure  4.  Single-wheel  simulation. 


It  Is  not  possible  to  put  single-wheels  on  the  vehicle  without  a  recon¬ 
struction  of  the  bogle  suspension  Into  a  single-wheel  suspension.  How¬ 
ever,  the  front  bogle  Is  equipped  with  a  hydraulic  cylinder  that  can 
raise  either  the  front  or  the  rear  wheel.  This  construction  Is  easily 
copied  to  the  rear  bogle.  This  means  that  4  wheeled  and  6  wheeled  ve¬ 
hicles  can  be  'simulated*  by  raising  wheel  In  front  and  rear  bogle  In 


712 


different  combinations.  The  effects  on  weight  distribution  must  then, 
of  course,  be  concerned. 

b)  Geometric*]  behaviour,  (dimensions) 

The  telescopic  rear  frame  means  that  the  geometrical  behaviour  In  dif¬ 
ferent  steering  designs  can  be  studied.  Raising  the  wheels  In  the  bo¬ 
gles  In  different  ways,  gives  a  further  possibility  to  vary  the  geomet¬ 
rical  behaviour. 

This  means  that  the  geometry  and  behaviour  of  articulated  steering  can 
be  studied  over  a  wide  range  of  caset. 

c)  Dynamical  behaviour  (weight  distribution) 

As  the  machine  is  'stripped1  there  is  enough  space  to  place  and  move 
around  weights  on  the  machine  and  study  phenomena  of  weight  and  weight 
distribution,  the  telescopic  rear  frame  is  then  an  advantage.  The  li¬ 
mits  are  the  vehicle  service  weight  and  the  location  of  cab  and  engine. 

The  vehicle  Is  not  equipped  with  springs  apart  from  the  spring  beha¬ 
viour  of  the  tires.  The  reconstruction  of  the  wheel  suspension  Into  a 
sprung  and  damped  suspension  would  be  very  complicated  and  so  far  we 
have  no  Intentions  of  doing  such  a  reconstruction.  However,  a  similar 
construction  could  more  easily  be  simulated  In  the  slngle-trtieel  case  as 
shown  In  figure  4,  by  hanging  the  lifted  bogle-part  In  springs  and  dam¬ 
pers.  The  bogie  can  be  fixed  In  a  raised  position,  either  stiff  or 
with  some  kind  of  shock  absorber. 

d)  Transmission 

Exchange  of  transmission  components  Is  quite  easy,  due  to  the  open  mo¬ 
dule-construction.  In  the  first  place,  ft  is  very  easy  to  change  bet¬ 
ween  different  types  of  differential. 
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The  converter,  power  shift  and  drop-box  are  all  located  under  the  cab. 
The  space  room  Is  easily  reached  as  one  can  tip  the  cab  to  the  right 
side.  On  the  drop-box  there  Is  a  free  axle-end  on  which  a  hydrostatic 
actor  easily  can  be  Mounted.  (In  fact,  the  Manufacturer  has  already 
done  this  for  his  own  purpose). 

The  chain  transMlsslon  Means  possibilities  of  changing  the  gearing  bet¬ 
ween  e.g.  rear  and  front  bogle. 

This  altogether  gives  us  a  large  aaount  of  options  to  study. 

FORCE  MEASUREMENT 


To  study  all  these  vehicle  characteristics  the  vehicle  Must  be  equipped 
with  transducers  for  force,  MoveMent,  location,  speed,  slip  etc.  Thus, 
a  systeM  of  Measuring  and  collecting  data  needed  to  be  developed. 

The  Most  Interesting  forces  are  those  in  the  contact  area  between  tire/ 
track  and  ground.  The  dl  Mens  Ions,  directions  and  variations  patterns 
of  these  forces  influence  subsequent  soil  coMpactlon,  root  denage  etc. 

To  Measure  these  forces  directly  In  the  contact  area  Is  extreaely  dif¬ 
ficult.  A  suitable  transducer  Must  be  used  and  it  Must  not  Interfere 
with  the  contact  pattern. 

We  found  existing  transducers  to  be  appropriate  for  Measuring  the  for¬ 
ces  In  the  contact  area.  Thus,  we  decided  to  rely  on  Measureaents  In 
the  wheel  suspension.  However,  efforts  are  continuing  within  the  pro¬ 
ject  to  find  transducer  solutions  for  aeasureaent  In  the  contact  area 
(fig.  «). 


CHOICE  OF  MEASUR1M6  TECHNIQUE 

Our  current  approach  Is  to  Measure  the  three  orthogonal  forces  (F„,  Fy 
fi)  and  three  aoaents  (M*,  My,  Mg)  In  a  single-wheel  of  the  vehicle 
suspension.  He  saw  four  possible  techniques: 

1.  Rebuild  the  wheel  suspension  so  that  all  forces  and  aoaents  can  be 
Measured  directly  with  standard  load  cells. 

2.  Exchange  the  wheel  suspension  with  a  sla-coaponent  loading  fraae 
consisting  of  standard  load  cells. 
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3.  Exchange  the  irfieel  suspension  with  a  piezo  electrical  wheel  dynamo¬ 
meter. 

4.  Design  a  single  six-component  force  transducer  for  mounting  In  the 
wheel  suspension. 

1.  Single-wheel  measurements  of  forces  and  moments  by  method  1  is  fair¬ 
ly  common.  The  principal  is  to  hang  the  wheel  in  a  linkage  system 
and  to  support  the  linkage  via  standard  load  cells  (ref.  1).  A 
transducer  output  signal  directly  corresponds  to  a  single  force.  As 
already  indicated,  this  way  of  measuring  would  mean  that  the  wheel 
suspension  would  have  to  be  considerably  rebuilt  (fig.  7).  This 
means  that  possibilities  of  changing  the  vehicle  construction  or 
changing  ground  contact  equipment  (different  wheel  sizes,  single- 
wheel,  bogie,  tracks  etc.)  will  be  heavily  decreased.  We  chose  not 
to  use  this  method. 


Figure  7.  Measuring  forces  on  wheel, 
method  1. 


TIMOWCttS 

2.  An  alternate  solution  is  to  make  a  compact  s1x-coaq>onent  load  frame 
to  replace  part  of  the  wheel  suspension  without  changing  the  rest  of 
the  construction  (fig.  8).  Here  the  forces  have  to  be  calculated 
through  geometry,  static  analysis  and  measured  load  cell  forces 
(ref.  2). 
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We  Investigated  further  this  My  of  Measuring  by  building  a  non- 
measuring  scale  Model.  It  Mas  possible  to  build  In  such  a  loading 
frame  In  the  available  Mheel  suspension  space.  This  si*  degree  of 
freedOM  force  sensor  design  uses  various  hinges,  pivots  or  springs, 
such  that  the  desired  forces  are  decoupled  and  applied  to  pick  up 
transducers.  It  Is  extremely  difficult  to  Make  such  a  Mechanical 
structure  that  also  fits  Into  the  Mheel  hub  or  suspension.  Also, 
this  approach  requires  very  accurate  knoMledge  of  the  dlMenslons  and 
stiffness.  Considering  these  factors,  the  cost  and  complexity  be¬ 
came  too  high  Me  eliminated  this  method  from  further  consideration. 

3.  Piezo  electrical  measuring. 

On  the  market  there  exist  piezo  electrical  six-component  dynamome¬ 
ters  for  measuring  wheel  force  (ref.  3)  mainly  on  cars.  It  would 
also  be  possible  to  build  such  a  dynamometer  for  a  terrain  vehicle. 
After  some  contacts  with  manufacturers  of  this  kind  of  equipment,  we 
found  that  the  dimension  of  our  statical  forces  would  make  the  con¬ 
struction  too  big  and  expensive.  Therefore,  this  alternative  was 
dropped,  even  though  this  principal  has  application  to  our  problem. 

4.  A  co«k>1  nation  of  oonded  strain  gauges.  Wheats  tone-bridge  circuits, 
and  flexible  elements  of  various  geometries  have  proved  a  versatile 
tool  In  the  development  of  multi -component  force  pick-ups  of  both 
large  and  small  size. 

This  approach  has  been  used  In  the  design  of  a  prototype  wrist  force 
sensor  for  robot  arms  (ref.  4).  The  result  ms  a  single  rigid  body 
with  strain  gauge  mounted  for  measuring  both  extension  and  shear. 
Fig.  9  shows  the  wrist  force  prototype. 

This  general  type  of  solution  seemed  to  suit  our  demands  quite  well 


Figure  9.  Wrist  force  sensor 
(ref.  4). 
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THE  SlX-COHPOdSHT  FOftCE  TRANSDUCER 

The  force  transducer  developed  Is  a  steel  cylinder  with  four  beaas 
(fig.  10). 


Figure  10.  Slx-coaponent  force  transducer,  body. 

On  each  beaa,  two  strain  gauges  are  Mounted  and  wired  In  a  Uheatstone- 
brldge  conf Iguratlon,  one  for  bending  forces  and  one  for  extenslonal 
forces  (fig.  11). 
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The  scale  Model  is  presently  under  evaluation.  It  Is  done  In  the  cali¬ 
bration  rig,  where  separate  and  coMtolned  forces  and  aoaents  can  act  on 
the  transducer.  The  forces  and  Moments  are  Measured  exactly  (t  it  ac¬ 
curacy)  with  standard  Toad  cells.  A  Micro  coaputer  (MY  16F,  tydata  AB 
Sweden)  Is  used  to  collect  the  signals  froa  the  Toad  cells  and  corre¬ 
sponding  signals  froa  the  six-coaponent  force  transducer. 

The  Matrixes  H  and  H*  are  calculated  in  a  Mini  coaputer  (NO  100,  Norsk 
Data  A/S  Norway)  and  returned  to  the  Micro  coaputer.  In  this  way  the 
standard  load  cell  forces  can  be  calculated  froa  the  transducer  voltage 
output  and  the  load  cell  voltage  output.  The  calculated  values  can  then 
be  coapared  directly  In  the  Micro  coaputer  with  a  special  calibration 
prograa.  It  1$  then  possible  to  subtrack  the  bias-voltage  vector  with¬ 
in  the  coaputer  and  to  calculate  accuracy  and  precision  directly. 

Testing  so  far  shows  the  scale  Model  works  very  well.  Me  experienced 
soae  probleas  with  zero  drift  when  changing  load  direction.  These  are 
related  to  the  Mounting  of  the  transducer  and  should  be  possible  to  re¬ 
duce  to  an  acceptable  level.  The  voltage  output  froa  the  Mheatstone- 
brldges  are  acceptably  linear  over  the  range  of  acting  force. 

The  sensitivity  is  high  for  the  aoaents,  acceptable  for  Fx  and  Fy  and 
low  for  F,  which  one  can  presuae.  When  the  scale  Model  Is  evaluated 
the  decision  whether  to  build  a  full-scale  transducer  will  be  taken. 

The  basic  Idea  of  the  transducer  is  to  estlaate  the  ground  contact  for¬ 
ces  by  Indirect  aeasureaent  in  the  suspension.  This  weans  that  all 
forces  aust  go  through  the  transducer  and  not  be  supported  by  aqy  other 
chassl  or  transwlsslon  coaponent.  Also,  there  should  not  appear  any 
Internal  forces  in  the  wheel  suspension.  The  problaa  In  this  connection 
Is  the  driving  axle,  which  Is  able  to  support  the  wheel  as  well  as  cau¬ 
sing  Internal  forces  between  suspension  and  axle  (as  in  a  planetary  fi¬ 
nal  drive).  The  wheel  hub  and  bogle  hub  have  both  been  reconstructed 
so  that  the  axle  only  will  transalt  the  driving  and  breaking  torque 
(fig.  12).  This  aeans  that  the  driving  torque  transaitted  froa  the  en¬ 
gine  will  go  through  the  axle  and  down  to  the  ground  contact,  where  all 
forces  and  aoaents,  except  the  driving  torque,  will  be  supported  and 
Measured  by  the  six-coaponent  force  transducer  placed  In  the  suspen¬ 
sion.  Then  the  driving  torque  aust  be  Measured  In  the  driving  axle. 
Therefore,  all  axles  are  equipped  with  transducers  for  Measuring  tor¬ 
que. 
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Figure  12.  Drawing  of  the  wheel  suspension. 

In  a  slallar  way  transducers  for  Internal  forces,  speed,  location  etc. 
will  be  developed  and  wounted  on  the  vehicle.  The  possibilities  here 
are  Halted  by  the  systea  chosen  to  collect,  transalt  and  save  all 
transducer  signals. 


MEASUREMENT  SYSTEM 

The  systea  for  collecting  and  saving  the  transducer  signals  on  the  ve¬ 
hicle  Is  based  on  alcro  processors. 

It  Is  a  systea  with  a  hierarchy  of  Interconnected  processors,  each  one 
with  Its  own  aeaorles  and  1/0.  In  aulti  processing  a  host  8051  alcro 
coaputer  (Intel  SDK  51  Kit)  controls  a  aultlpltclty  of  8051's  configu¬ 
rated  to  operate  slaultanously  on  separate  portions  of  the  overall  pro¬ 
cess.  This  form  of  distributed  processing  Is  specially  effective  In 
systeas  where  controls  In  a  coaplex  process  are  required  at  physically 
separated  locations. 

It  is  whet  we  call  a  Master-Slave  systea.  Each  aeasurlng  point  (trans¬ 
ducer)  has  its  own  alcro  coaputer -slave,  which  takes  care  of  and  saves 
the  transducer  signals.  To  be  *le  to  coordinate  all  the  aeasurlng, 
one  needs  a  superior  processor,  a  waster. 

The  connection  between  aaster  and  slaves  is  a  serial  link  and  consists 
of  one  transacting  and  one  receiving  channel.  All  slaves  are  connec- 
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ted  to  the  Mae  two  channel s .  To  enlarge  the  ijstie  then  aeans  only  to 
connect  aore  slaves  to  the  serial  link.  The  aaxlaui  aaount  of  slaves 
possible  to  connect  to  the  SOU  51  Kit  Is  2S6. 

The  aaster  and  slave  systea  supplies  aany  advantages: 

-  extensibility 

-  rapidity 

-  replacable  and  Interchangabte  aeasurlng  points  (slaves) 

-  insusceptible  for  disturbances 

•  an  'Intelligent*  systea  for  aeasurlng 


SLAVE  SLAVE  SLAVE  SLAVE 


Figure  13.  A  systea  with  four  slaves. 

The  aaster 

•  coordinates  the  aeasurlng 

•  tells  the  slaves  what  to  do 

•  settles  which  slaves  that  should  listen 

-  is  able  to  send  coaaands  to  all  slaves  at  the  saw  tlae 

•  can  tell  one  slave  to  transalt  status  or  data 

•  settles  when  a  transducer  signal  shall  be  collected 

-  controls  the  slave  function 

-  gives  the  alara  when  a  slave  Is  out  of  order 

The  staves 

-  listen  to  one  or  several  news  (nuabers) 

-  listen  to  coaaands  concerning  thea  selves 

-  obey  the  coaaand  they  get  froa  the  aaster 

-  are  only  allowed  transalttlng  to  the  aaster  one  at  the  ttae 

-  can  send  Information  to  the  aaster  Influencing  the  data  collection 

-  can  save  several  series  of  data 

Cwiwd  froa  the  aaster 

The  aaster  has  to  exchange  information  with  the  slaves.  This  Is  done 
in  the  way  that  the  aaster  sends  coaaands  to  the  slaves  and  that  data 
Is  sent  to  all  slaves  or  froa  one  slave. 

Coamends  can  be  either  Address-type  or  Data- type. 

•  Address  coaaand 

When  the  aaster  selects  the  slave  (slaves)  It  wants  to  caaaunlcate 
with.  It  transaits  an  address  coaaand.  Then  all  slaves  wake  up  and 
control  If  they  were  addressed.  Those  who  ware  addressed  keep  on 
listening,  the  others  close  down  until  next  address  coaaand. 


-  Data  command 

This  Is  used  when  the  master  has  chosen  to  speak  to  one  or  several 
slaves.  Only  slaves  addressed  by  a  previous  address  command  will 
listen  to  the  data  command. 

Protocol 

A  protocol  aeans  the  way  data  shall  be  transaiitted,  received  and  inter¬ 
preted  by  waster  and  slaves.  A  protocol  can  be  seen  as  an  agreement 
between  waster  and  slave  in  what  way  the  cowwunication  shall  be  done 
and  Interpreted.  The  waster  always  starts  with  transmitting  a  word  of 
cowwand,  which  the  slave  recognizes.  This  cowwand  tells  the  slave  what 
protocol  to  use. 

Handshake 


In  order  to  get  a  wore  safe  cowwunication  between  waster  and  slave  one 
can  let  the  slave  echo  back  every  cowwand  or  data  received.  The  waster 
can  then  check  if  it  receives  what  it  sent.  If  that  is  not  the  case, 
sowethlng  is  wrong  and  the  waster  gives  the  alarw.  An  alarw  Is  not  al¬ 
lowed  to  stop  the  trttole  systew. 

Measuring 

A  slave  who  gets  a  cowwand  to  wake  a  weasurewent.  weasures  and  saves 
the  value  in  its  wewory.  A  weasuring  cowwand  is  usually  given  to  se¬ 
veral  slaves  at  the  sawe  tlwe.  To  wake  rapid  weasuring  possible  a  high 
cowwunication  speed  is  needed  (if  each  weasuring  shall  be  started  by 
the  waster).  Apart  frow  that,  it  is  also  Interesting  to  get  Inforwa- 
tion  of  slave  status  frow  each  slave,  e.g.  to  see  if  an  interesting 
peak  has  been  reglstrated.  This  can  be  done  quite  easily;  when  the 
waster  transwits  the  word  of  cowwand  'weasure'  (a  Oata-cowwand)  It  also 
tells  which  slave  Is  allowed  to  send  back  its  status.  This  is  possible 
as  a  part  of  the  data  cowwand  way  be  Interpreted  as  an  address.  In 
this  way  the  waster  repeats  telling  all  the  listening  slaves  to  weasure 
and  picks  back  the  slave  status  one  by  one.  This  can  be  done  in  a  fre¬ 
quency  of  1,000  words  of  cowwand  per  second,  which  weans  that  the  sla¬ 
ves  weasure  1,000  tiwes  per  second,  but  return  status  only  when  cowwan- 
ded. 

Every  slave  saves  its  weasured  values.  This  is  done  in  the  internal 
wewory  in  buffers  detenained  by  the  waster.  A  buffer  has  a  certain  pa¬ 
ge  size  (1  page  ■  256  bytes)  and  starts  on  a  certain  page  in  the  wewo¬ 
ry,  all  this  is  determined  by  words  of  cowwand  frow  the  waster.  In 
this  way,  the  slave  can  save  different  series  of  weasured  values  and 
the  waster  knows  where  to  pick  them. 

The  slave  can  also  process  the  transducer  signals  while  weasuring. 

Such  a  processing  can  be  to  cowpare  the  value  with  a  given  trigo  le¬ 
vel.  If  a  value  reaches  the  trlgg  level  this  can  be  reglstrated  by 
changing  the  status  of  that  slave  and  when  the  waster  asks  for  that 
slave's  status,  the  waster  will  be  Informed  that  the  trlgg  level  Is 
reached  and  can  continue  Its  processing  (concerning  that  matter). 


To  be  able  to  catch  Interesting  lapse  the  slaves  can  function  as  a 
transient  recorder.  The  slave  saves  weasured  value  in  a  buffer  start¬ 
ing  at  the  first  page  and  fills  up  the  buffer.  Mhen  the  buffer  Is  full 


722 


It  will  return  to  the  first  page  and  continues  saving.  In  this  way  the 
buffer  becones  an  endless  'tape'.  When  one  slave  senses  a  trlgg  level 
the  aaster  records  that  and  connands  all  slaves  to  stop  Measuring  after 
a  specified  tine  Interval.  In  this  way  the  transient  lapse  can  be  re¬ 
corded. 

Signal  transnlsslon  between  Moving  parts 

Driving  torque  is  Measured  directly  on  the  wheel  axle.  The  axle  Is  ro¬ 
tating.  Therefore  the  transducer  signal  Must  be  transferred  froa  the 
axle  to  the  vehicle  body. 

The  slave  connected  to  the  driving  axle  will  be  battery-operated  and 
rotate  with  the  axle.  The  coMunlcatlon  between  Master  and  slave  will. 
In  both  directions,  wort  over  an  optical  connection.  A  transwltter 
(infra  red  IlghteMlttfng  diod,  LCD)  and  a  receiver  (photo  transistor) 
are  placed  facing  each  other  in  both  directions.  The  transMltter  Must 
transMlt  over  an  area  wide  enough  to  reach  the  receiver.  One  of  the 
transMltters/recelvers  now  can  rotate  and  still  be  able  to  reach  the 
corresponding  recel ver/transMltter  with  pulsing  light  (fig.  14). 


Figure  14.  Signal  transMlsslon  between  rotation  axle  and  vehicle  body. 
Concluding 

Both  transducer  systan  and  neasuroMent  systen  are  being  developed  right 
now.  The  kind  of  experlMents  possible  to  Make  with  the  vehicle  is  very 
Much  depending  on  progress  of  this  developMent.  An  overall,  experlMen- 
tal  design  has  been  wade  concerning: 
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-  wheel  configuration 

-  steering  geometry 

-  power  distribution  (between  wheels) 

-  tires 

-  spring-damp  system 

-  transmission  set-ups 

The  forces  and  space  requirement  will  be  studied  under  controlled  con 
dltlons.  Apart  from  the  conditions  listed  above,  topography,  vehicle 
speed,  load  and  load  distribution,  acceleration  etc.  will  be  varied. 

It  Is  easy  to  see  the  posslbllltes  of  making  experiments  and  perhaps 
more  difficult  to  find  the  adequate  experiments  and  to  limit  the 
amount. 

It  Is  expected  that  these  experiments  will  continue  for  a  period  of  at 
least  2-3  years,  of  trfilch  I  would  like  to  report  on  a  later  occasion. 
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COMPACTION  OF  SAND  USING  ORDINARY  OFF-ROAD  VEHICLES 


S.  SHAABAN 

MILITARY  TECWICAL  COLLEGE,  KOBRY  EL  KOBBA,  CAIRO,  EGYPT 


Suaaary-Thls  paper  examines  the  possibility  of  compacting  s  sandy 
soli  using  ordinary  off-road  vehicles  Instaad  of  correctors.  Laboratory 
tasts  s ho wad  that  a  conaldarabla  coapactlon  of  sand  can  ba  achlavad  If 
alternative  cycl ! strassas  ara  appllad.  Such  atrassas  can  bo  gonaratad 
If  a  train  of  two  vehicles  Is  aaqtloyed  for  coapactlon:  ona  vahlcla  with 
all  whaals  dr  Ivan  towad  anothar  vahlcla  having  all  whaals  towad.  Coapac- 
tlon  was  Mda  by  Making  conaocutlva  passagaa  of  tha  train  of  two  vahlclas. 
Procaduro  of  coapactlon  la  dascrlbad  and  tost  rasults  ara  praaantod. 
Compacting  sand  by  this  method  has  Incraasad  tha  donslty  up  to  92Z  tha 
valua  of  optimum  danalty  obtalnad  by  modified  coapactlon  tost.  A  conslder- 
ablo  aaalloratlon  of  aol 1  traff Icablllty  has  also  boon  achlavad,  this  Is 
provad  by  tha  experimental  drawbar  pull-slip  ralatlonshlps  aaasurad 
bafora  and  aftar  coapactlon. 


OfTRODOCTIOH 

Tha  aaalloratlon  of  vahlclas  aobility  can  ba  achlavad  by  laproving 
vahlclas  dasign  and  /  or  by  Increasing  soil  traf icablllty  by  coapactlon. 
Coapactlon  Is  usually  achlavad  by  using  compactors  which  naod  to  ba 
transportad  to  tha  work  sitao. 

If  coapactlon  can  ba  dona  by  ordinary  offroad  vahlclas,  this  would  raduca 
costs  and  provide  an  alternative  solution  to  the  problsa. 


Results  of  trlaxlal  experiments  on  sand  made  by  FRANCO  [I] showed 
that  one  can  crest  considerable  volumetric  deformations  in  the  soil  by 
applying  cycles  of  alternative  atreeses. 
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The  intensity  of  that*  atraaaaa  should  be  United  eo  that  the  induced 
•oil  deforest  ion  will  not  be  to  large,  otherwise  toll  dilatation  occurs. 

In  hie  etudy,  he  ehowed  a  caae  where  soil  dilatation  wae  obtained  (volume 
increased)  when  sample  axial  strain  was  large  (♦  St).  He  also  showed 
another  case  where  soil  was  compacted  (voluae  decreased)  when  axial  strain 
was  liaited  to  a  saall  value  (♦  0,751). 

In  practice,  alternative  stresaes  are  applied  to  the  soil  if  a  vehi¬ 
cle  with  all  wheals  driven  towed  another  vehicle  having  all  wheels  towed, 
this  is  shown  in  Fig.  1. 

Soil  deformation  is  strongly  related  to  wheals  slip,  therefore  wheels 
slip  should  be  kept  saall  during  compaction.  Generally,  slip  should  be 
lower  than  30t[j] .  This  slip  value  corresponds  in  most  cases  to  the  maxi- 
aun  drawbar  pull  developed  by  the  vehicle.  Our  traction  tests  carried  out 
before  contacting  the  experiaental  sell  showed  that  the  maxima  drawbar 
pill  is  delivered  at  I0Z  slip.  Thus ,  we  tried  to  keep  wheels  slip  during 
compaction  below  this  value. 


towed  vehicle 


towing  vehicle 
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EXPCTIMEKTAL  SOIL 

°60 

An  uniformly  graded  (and  having  a  coefficient  of  uniformity  - - *2.1 

D10 

end  a  grain  alee  dletribution  ehovn  in  Pig. 2  waa  the  experimental  toil. 
Sand  bin  ha a  a  length  of  70  a,  a  width  of  ?m  and  a  depth  of  0,8  m. 
Holature  content  maaaured  before  compaction  in  the  layer  from  0  to  45  cm 
of  the  rand  bin  waa  nearly  4X.  Laboratory  atandard  and  modified  compaction 
teata  were  carried  out,  and  che  dry  denaity-moiature  relationahipa  are 
ahown  in  Pig. 3.  Compaction  curvee  ehow  that  a  moiatura  content  of  3  to  5X 
ia  unfavourable  for  compacting  auch  aand.  Unfortunately,  the  exiating 
natural  content  of  4X  waa  not  poaaible  to  change  bacauaa  of  climate  cond¬ 
ition*  . 

Surface  of  aamd  in  the  bin  waa  gently  levelled  before  compaction  uaing 
a  light  grader. 
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COHPACTIOH  PROCEDURE 


Compaction  waa  dona  by  Making  conaacutiva  paaaagaa  by  the  train  of  two 
off-road  vehicle*.  Tha  towing  vahicla  aovad  with  all  axlea  drivan  and  tha 
lowaat  gaar  ahlfcad  (Ist  gaar  In  Min  gaar  box  and  low  gaar  in  auxiliary 
gaat  box).  Tha  towad  vahicla  (connactad  to  tha  towing  vahicla  by  a  ataal 
rope)  aovad  with  angina  atoppad  and  brakaa  ralaaaad. 

To  incraaaa  tha  raaiatanca  on  tha  towing  vahicla  tha  top  gaar  in  tha  towad 
vahicla  gaar  box  waa  ahiftad  and  for  furthar  incraaaa  of  raaiatanca  a 
lowar  gaar  waa  angagad. 

Incraaaad  raaiatanca  cauaad  Bora  alip  of  towing  vahicla  whaala,  thua  it 
waa  poaaibla  to  changa  tha  dagraa  of  alip  by  ahifting  diffarant  apaada  in 
tha  towad  vahicla  gaar  box.  To  calculata  whaala  alip  during  compaction, 
tha  actual  diatanca  covarad  during  tan  ravolutlona  waa  naaaured,  and  tha 
thaoratical  diatancat which  would  ba  covarad  if  whaala  purly  roll,  calcula¬ 
ted.  Slip  valua  waa  than  determined  fro*  tha  aquation: 

1  -l 

i  *  th  a 
lth 


vhara : 

i  *  whaala  alip 
ltj  thaoratical  diatanca 
actual  diatanca 

Flret  paaaaga  waa  aituatad  0,5  ■  from  tha  aida  wall  of  toil  bin.  Followd 
paaaagaa  wara  laterally  ahiftad  aach  by  0,3  to  0,5  ■  from  tha  former,  thia 
ia  ehown  in  Fig.  4. 


C:  vehicle  weight,  Newton* 
p:  inflation  pre**ure,  bar* 
i:  wheel  at  ip,  Z 

t :  front  wheel*  R :  rear  wheel*. 

Table  I.  Description  of  compaction  phaac*. 

KtASUKRP  VALUES 

Moiature  content  waa  measured  before  each  phaae  of  compaction  in  ten 
point*  of  aoil  bin  neaauring  tone.  Thi*  cone  situated  in  Che  eiddle  of 
aoil  bin  had  a  length  of  20  m  and  width  of  5  n.  Moiature  content  sample* 
were  taken  at  depth*  of  0,15,30  cn.  Place*  of  *M*auring  the  moiature  cont¬ 
ent  are  ahown  in  Pig.  3,  and  average  value*  were  a*  following: 

before  compaction  v-  4Z 

od 

before  2  compaction  phaae  •  2,5  Z 

rd 

before  3  compaction  phaae  •  2,5  Z 

before  *th  compaction  phaae  •  3,2  Z 
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The  in  situ  density  was  Matured  after  f  ini  thing  2n<*  ,  3r^  and  41*1 
compaction  phaaet  ueing  yrayt  density  attar  in  tame  points  as  for  moist¬ 
ure  content.  Before  measuring  the  density, tha  surface  of  soil  bin  was 
gently  levelled.  The  density  Mter  enabled  to  have  readings  of  moisture 
content,  bulk  and  dry  densities  at  depths  of  0  to  30  cm.  For  greater 
depth  (40,  50  cm)  the  soil  surface  layers  of  10,  20cm  thickness  were 
taken  off  (see  Fig. 8). 

The  average  of  density  values  in  the  ten  points  of  same  layer  was  consi¬ 
dered  es  the  sand  density  at  that  depth. 


.5  Points  of  Maturing  the  moisture  content  and  density. 

Traction  tests  were  carried  out  before  and  after  compaction.  In  these 
tests  the  towing  vehicle  moving  in  the  sand  bin  pulled  a  braking  vehicle 
of  adjustable  braking  effort.  The  pulling  force  was  Matured  by  a  force 
dytvemoMter,  and  the  speed  of  travel  by  a  fifth  wheel  fixed  to  the  towed 
vehicle.  Theoretical  speed  of  vachicle  motion  was  Matured  by  a  pulse 
generator  fixed  to  one  of  the  towing  vehicle  rear  wheels  (Fig. 9).  Instan¬ 
taneous  values  of  pulling  force  (drawbar  pull),  travel  and  theoretical 
speeds  wars  continuously  recorded  on  a  multichannel  recorder,  and  the 
drawbar  pull-slip  relationships  were  traced. 
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The  in  situ  dry  danaity-dapth  ralationahipa  (Fig*  6,7)  ar*  conaldar- 
ad  a*  a  maaaur*  of  dagraa  of  compaction.  Fig. 6  ahow*  that  aftar  tha  third 
compaction  phaaa  eh*  aand  dry  danaity  at  a  dapth  of  20  cm  incraaaad  to 
93X  of  tha  optimum  dry  danaity  datarmlnad  by  modifiad  compaction  taat,  at 
a  dapth  of  )0  cm  it  incraaaad  to  9SX  of  tha  optimum  dry  danaity.  Fig. 7 
ahovt  that  aftar  tha  fourth  compaction  phaaa  tha  aand  dry  danaity  at  a 
dapth  of  30  cm  alightly  dacraaaad  to  92X  of  tha  optimum  valu*.  but  at 
SO  cm  dapth,  it  attainad  a  high  valua  (97X  of  tha  optimum). 

Tha  drawbar  pull-allp  raiationahip*  (Fig. 8)  maaaurad  baofra  and 
aftar  coapactlon  ara  conaidarad  for  avaluating  tha  amalloration  of  aoil 
trafficability  by  compaction.  lafarring  to  Fig. 8,  it  ia  aaan  that  tha 
maximum  drawbarpull  (at  I0X  alip)  Incraaaad  by  30X,  and  for  lewar  allp 
valuaa  it  incraaaad  up  to  60  X.  Avaraga  valua*  of  drawbar  pull  and  tha 
corraaponding  alip  ar*  glvon  ia  tabla  2. 
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DP  before  compaction 

DP  after  cosq>action 
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2185 

60.66 

5 
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2235 

37,54 

7 

1785 

2300 

28,85 
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2385 

90,33 
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20,07 
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26,67 

100 

1300 

2200 

69,23 

Table  2  Drawbar  pull  values  before  and  after  compaction 
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FI*. 9  Traction  taat. 
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CONCLUSIONS 


1.  Tha  proposed  method  for  it«d  compaction  in  which  alternative  atresa- 
aa  ara  applied  to  tha  toil  using  *  train  of  two  off-road  vehicle* 
provad  to  ba  efficient, eand  density  at  a  dapth  of  30  ca  incraaaad  to 
92Z  of  tha  optimum  dry  danalty  determined  by  modified  compaction 
taat,  and  to  95Z  at  SO  cm  dapth. 

2.  During  compaction  of  aand,  flip  of  tdtaels  of  compactora  ahould  ba 
enough  iowar  than  tha  alip  corresponding  to  tha  maaioum  drawbar  pull 
determined  by  traction  taat.  A  alip  of  SZ  can  bo  conaldorad  aa  a 
limit  valua  bayond  which  aoil  dacompaction  occura. 

3.  Inflation  praaaura  of  vehicle  tyraa  ahould  ba  successively  incraaa¬ 
ad,  and  a  praaaura  of  3,5  bara  can  ba  conaidarad  aa  a  limit  valua. 
Graatar  Inflation  praaaura  Incraaaaa  tha  whaola  alip  and  ainkage  and 
laada  to  aoil  dacompaction 

4.  A  conaldarabla  degree  of  compaction  waa  Achiavad  although  tha  aand 
waa  ralativaly  uniform  and  tha  moiatura  con t ant  of  3Z  waa  unfavoura¬ 
ble. 
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The  simple,  numerical  model  was  developed,  as  an  aid 
to  vehicle  design,  to  predict  changes  In  she  dry  bulk 
density  of  a  soil  due  to  the  passage  of  afwheel,  or  wheels, 
over  the  soil  surface.  The  model  uses  Swine's  solutions 
to  estimate  stress  increases,  and  esqpirical  isotropic 
stress-strain  data  to  predict  the  re  ultant  soil  volume 
changes  below  a  wheel.  Accurate  predictions  of  final  dry 
bulk  density  for  a  layered  soil  require  a  more  rigorous 
model  and  reliable  data  for  the  soil  under  consideration. 

For  such  a  soil,  the  model  presented  here  may  be  used 
effectively  to  examine  the  relative  degrees  of  compaction 
caused  by  various  wheel  loads  using  data  for  an  arbitrary 
soil.  Designs  for  three  agricultural  tractor  and  trailer 
combinations  and  a  heavy  harvester  are  evaluated  with  respect 
to  their  predicted  influence  on  soil  bulk  density.  The 
importance  of  wheel  load  is  revealed  and  is  emphasised  in  a 
further  sample. 


INTRODUCTION 


The  problems  associated  with  agricultural  soil 
compaction,  such  as  impaired  drainage,  poor  soil  structure 
and  inferior  crop  yields,  have  been  of  concern  for  some 
time.  Developments  in  agricultural  mechanisation  have  led 
to  larger  and  heavier  vehicles  and,  although  manufacturers 
and  farmers  have  compensated  to  some  extent  by  fitting 
more  appropriate  tyres,  soil  stresses  have  continued  to 
increase.  Awareness  of  these  stress  increases  has  led  to 
the  evaluation  of  potential  designs  as  to  their  effect  on 
soil  compaction.  The  simple  computer  model  described  here 
was  developed  at  SIAE  as  an  aid  to  the  vehicle  designer  and 
mechanisation  advisor  in  flaking  such  evaluations. 

The  model  requires  input  data  on  the  soil  physical 
properties,  the  wheel  loads  and  the  tyre/soil  contact  areas 
under  consideration.  The  model  uses  stress  prediction 
equations  developed  by  SOhne  (1953)  and  isotropic  stress- 
strain  data  for  Macmerry  series  soil  (sandy  loam)  presented 
by  Lesson  and  Campbell  (1983)  .  Stress  prediction  in 
soil  and  isotropic  stress-strain  relationships  are  reviewed 
briefly  as  a  prelude  to  the  description  of  the  model  and 
examples  of  its  use. 
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STRESS  PREDICTION 


Most  methods  of  predicting  increases  in  stress  within 
a  soil  due  to  the  application  of  a  surface  load  are  derived 
from  the  solutions  of  Boussinesq  (1885)  .  These  solutions 
for  the  action  of  a  point  load  on  a  semi-infinite,  elastic 
mass  have  been  applied  successfully  to  civil  engineering 
problems  where  relatively  small  strains  occur  in  large 
volumes  of  dense,  saturated,  isotropic  soil.  Their 
application  to  agricultural  engineering  problems,  where 
large  plastic  strains  occur  in  small  volumes  of  unsaturated, 
anisotropic  soil,  requires  modification.  Griffith  (1929)* 
and  Froellch  ( 1934) 3  introduced  empirical  concentration 
factors,  which  tend  to  concentrate  the  stress  distribution 
about  the  vertical  point  load  axis,  to  account  for  plastic 
behaviour  and  for  finite  boundary  conditions.  SOhne, 

( 1953 ,  1958)  1 '  ,  having  measured  tyre/soll  contact  areas 
for  various  tyre  sixes  and  soil  strengths,  developed 
expressions  for  the  tyre/soil  contact  stress  distributions 
for  equivalent  circular  contact  areas  of  soils  classed  as 
1)  dense,  hard,  dry,  cohesive;  li)  fairly  moist,  relatively 
dense,  sandy  clay;  ill)  plastic  flowing,  wet.  SOhne 
further  derived  solutions  for  the  major  and  minor  principal 
stress  increases  directly  below  the  centre  of  a  circular 
contact  area  for  the  three  classes.  Blackwell  (1979)' 
proposed  a  fourth  class,  very  hard  soil,  for  which  the 
Boussinesq  solution  for  a  uniformly  distributed  load  is  used. 
Blackwell's  experimental  determinations  of  major  and  minor 
principal  stresses  under  wheel  loads  confirmed  the  value 
of  the  solutions  for  the  major  principal  stress,  but  led 
him  to  assume  a  constant  major-minor  principal  stress  ratio 
of  1.19.  Blackwell  elected  to  characterise  the  stress 
Increases  below  a  surface  wheel  load  in  terms  of  the  isotropic 
normal  stress  Increase  alone,  since  deviatoric  stress 
increases  were  small  (approximately  8t  of  the  isotropic 
normal  stress  Increases) . 

To  conform  with  critical  state  soil  mechanics  convention, 
the  isotropic  normal  stress  is  expressed  by  the  spherical 
stress,  defined  as; 

«,  ♦  o_  ♦  o, 

p  .  12  3  where  o^,  o2  and 

fp  are  the  principal  stresses. 

For  isotropic  stress  conditions  the  principal  stresses  are 
equal  and  the  spherical  stress  is  equal  to  the  norisal 
stress  multiplied  by  jp 

For  the  principal  stress  ratio  assumed  by  Blackwell, 
and  assuming  that  the  Intermediate  and  minor  principal 
•tresses  are  equal,  the  spherical  stress  increase  below  a 
wheel  load  is  given  by; 

AP  -  1.54880 

where  Ao  ,  is  the  major  principal  stress  increase  evaluated 
from  the  appropriate  SOhne  solution. 


p 
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ISOTROPIC  STRESS-STRAIN  RELATIONSHIPS 

The  isotropic  stress-strain  behaviour  of  loose  and 
compacted  soils  is  semi-logarithmic  and  similar  to  the 
one  dimensional  compression  behaviour  of  normally 
consolidated  and  over-colaolidated ,  saturated  clays 
respectively. 

To  conform  with  critical  state  soil  mechanics  convention 
isotropic  strain  is  expressed  as  a  change  in  specific  volume; 
specific  volume  is  defined  as: 


where  p  is  the  density  of  the  soil  particles  and  D,.  is  the 
dry  bulk  density  of  the  soil.  Physically,  the  specific 
volume  is  the  ratio  of  the  volume  of  the  bulk  soil  to  the 
total  volume  of  the  soil  particles,  and  is  equal  to  one 
plus  the  void  ratio. 

Isotropic  stress-strain  relationships  are  commonly 
depicted  on  a  v-ln(P)  diagram  where  they  appear  as  straight 
lines  (Fig.  '1).  The  virgin  compression  line  (VCL)  is  the 
path  followed  by  a  loose  soil  subjected  to  cony>ression  for 
the  first  time.  Unloading  the  Boil  allows  recovery  of  the 
elastic  strain  and  is  represented  by  the  relaxation  line  (RL) . 
The  unrecovered,  plastic  strain  represents  the  specific 
volume  reduction  (i.e.  the  bulk  density  increase)  due  to  the 
applied  spherical  stress.  Reloading  of  a  previously 
stressed  soil  is  represented  by  the  recompression  line  (RCL) 
which  meets  the  VCL  at  a  stress  which  is  somewhat  greater 
than  the  previous  maximum  spherical  stress. 

fi 

Schofield  and  Wroth  (1968)  have  suggested  that  for 
saturated  soils  it,  the  slope  of  the  RL,  and  K,  the  slope  of 
the  RCL,  are  equal..  For  unsaturated  soils  however ,  Leeson 
and  Campbell  (1983;  found  that  they  were  unequal  and 
presented  data  for  two  soils  showing  that  K  is  related,  by 
a  second  order  polynoaiial,  to  the  specific  volume  of  the 
soil  before  reconpresslon.  Although  no  discernable 
relationship  between  it  and  other  soil  characteristics  was 
found,  they  issued  that  f  is  less  than  K  except  at  low 
initial  specific  volumes.  The  relationships  they  presented 
for  the  Macmerry  series  soil  (sandy  loam)  were  the  more 
consistent  of  the  two  soils  and  were  chosen  for  use  in  the 
model. 


THE  MODEL 

The  soil  compaction  model  is  based  on  the  prediction 
of  soil  specific  volume  changes  due  to  changes  in  spherical 
stress.  The  depth  of  soil  to  be  modelled  is  divided  into 
elemental  layers  and  the  spherical  stress  increase  at  the 
centre  of  each  layer,  directly  below  the  wheel  load,  is 
estimated  from  SCnne‘s  (1953)  solutions,  the  soil  strength 
class  being  determined  by  the  dry  bulk  density  of  each 
elemental  layer  before  cos^resslon.  The  thickness  and 


740 


number  of  the  elemental  layers  should  correspond  to  the 
vertical  interval  between,  and  the  number  of,  field 
measurements  of  dry  bulk  density  and  water  content.  The 
specific  volume  reduction,  and  hence  the  bulk  density 
Increase,  of  each  elemental  layer  Is  estimated  from 
Isotropic  relationships.  As  the  soli  may  be  Initially 
normally  consolidated  or  over-consolidated,  the  model 
calculates  two  final  specific  volumes  for  each  element. 

The  first  Is  calculated  assuming  that  the  loading  takes 
place,  at  least  In  part,  along  the  virgin  compression 
line  (followed  by  unloading  along  the  relaxation  line).  The 
second  Is  calculated  assuming  that  the  loading  takes  place 
along  only  a  recompression  line,  the  position  of  which 
depends  on  the  specific  volume  before  loading.  The  lower 
of  the  two  calculated  specific  volumes  is  selected  to 
calculate  the  resultant  bulk  density  of  each  elemental 
layer. 

Multiple  wheel  loads  may  be  considered,  the  model  using 
the  calculated  elemental  bulk  densities  after  the  passage 
of  one  wheel  as  the  elemental  bulk  densities  before 
loading  by  the  subsequent  tdteel.  The  depth  to  the  centre 
of  each  element  is  also  adjusted  after  each  wheel  pass  to 
account  for  the  wheel  rut  which  effectively  moves  each 
element  closer  to  the  wheel .  To  facilitate  comparison 
between  vehicles,  the  initial  soil  density  profile  and  the 
predicted  density  profile  after  each  pass  are  presented 
graphically.  The  plotting  procedure  takes  the  centre  of 
the  lowest  soil  element  as  a  datum  and  so  the  depth  of  rut 
caused  by  each  wheel  can  be  inferred  from  the  displacement 
of  the  centre  of  the  uppersest  element  as  may  be  seen 
from  the  examples  below.  For  such  a  simple  model,  the 
predicted  bulk  density  changes  are  in  reasonable  agreement 
with  the  limited  field  data  (Blackwell,  1979)'  available. 
From  volume  change/ spherical  stress  considerations,  the 
field  data  contain  anomalous  changes  in  bulk  density  which 
may  be  due  to  measurement  error  near  the  surface.  Also 
the  model  does  not  simulate  accurately  the  anisotropy  and 
non-homogeneity  of  field  soils.  Consequently  the  predicted 
bulk  density  changes  can  be  at  variance  with  the  observed 
data. 


EXAMPLES  OF  USE  OF  TOE  MODEL 


To  illustrate  the  use  of  the  model,  commercial  designs 
of  three  large  tractor/trailer  combinations  and  a  heavy 
harvesting  machine  are  compared  as  to  their  effects  on 
soil  bulk  density. 

The  following  input  data  are  required  by  the  sx>del: 

1.  Number  of  in-line  wheel  loads,  number  of  elemental 
layers,  thickness  of  elemental  layers,  am 
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For  each  wheel:  load,  kN  ,  tyre/soll  contact  area,  m*- 

1.  For  each  elemental  layer:  initial  dry  bulk  density, 
kq/m  ,  water  content  d.w.b.,  %  w/w 

For  these  examples  0. 5  m  of  a  uniform,  sandy  loam  is 
modelled  using  £he  soil  parameters  presented  by  Leeson  and 
Campbell  ;  1983)  .  A  water  content  of  25%  and  an  initial 

dry  bulk  density  of  1000  kq/irr  iSBhne  strength  class  'firm* 
is  assumed.  Although  such  a  uniform  profile  is  hiohly 
atypical,  it  allows  comparison  of  the  vehicle  effects 
without  confusion  Irom  soil  irregularities.  The  wheel 
load  data  for  these  vehicles  and  the  graphical  output 
from  the  model  are  shown  in  Figures  2  to  5. 

Tie  overall  increase  in  soil  bulk  density  with  depth 
due  to  the  passage  of  a  vehicle  may  be  assessed  from  the 
depression  of  the  ground  surface  indicated  in  the  figures. 
The  depressions  predicted  for  the  tractor  and  two-axle 
trailers  (Figs.  2  and  3)  are  similar,  approximately  130  mm, 
oven  though  the  total  load  of  II  is  46%  greater  than  I. 

The  low  Initial  wheel  load  of  1  (Fig.  2)  produces  small 
increases  in  bulk  density  whereas  the  third  wheel  load, 
even  though  of  no  greater  magnitude  than  the  second  wheel 
load,  causes  a  large  increase  in  bulk  density,  particularly 
near  the  surface,  due  to  the  high  mean  surface  normal 
stress.  The  wheel  loads  and  mean  surface  normal  stresses 
of  II  (Fig,  3)  are  moderate  for  all  the  wheels  and  so  the 
corresponding  increases  in  soil  bu?k  density  are  moderately 
uniform  with  depth.  The  tractor  and  three-axle  trailer 
(Fig.  4)  produces  more  compaction  at  the  surface  and  at 
depth  than  the  tractor  and  two-axle  trailers  because  of  the 
high  wheel  loads  and  mean  surface  normal  stresses  involved; 
the  increase  in  soil  bulk  density  due  to  the  large  third 
wheel  load  is  particularly  marked. 

The  first  wheel  load  of  the  heavy  harvester  (Fig.  5) 
produces  a  large  increase  in  soil  bulk  density,  due  to  the 
high  load  and  mean  surface  normal  stress,  but  the  subsequent 
wheel  load,  being  only  50%  of  the  first  wheel  load,  produces 
only  a  small  increase  due  to  the  slightly  greater  mean 
surface  normal  stress.  The  total  load  of  the  harvester 
is  approximately  equal  to  that  of  the  tractor  and  two-axle 
trailer  I  (Fig.  2)  but  the  harvester,  having  fewer  wheels, 
produces  a  greater  increase  in  soil  bulk  density  as 
indicated  by  a  15%  greater  depression  of  the  ground  surface. 

In  all  the  examples  above,  each  wheel  of  the  vehicle 
contributes  to  the  compaction  process  although  generally, 
as  would  be  expected,  earlier  wheels  cause  the  greatest 
Increases  in  the  soil  bulk  density. 
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The  model  may  also  be  used  to  assess  the  relative 
contribution  made  by  a  particular  variable.  As  an 
example,  consider  the  effect  on  soil  compaction  of  increasing 
a  wheel  load  from  5  kN  to  20  kN  whilst  the  tyre/scil 
contact  area  is  increased  such  that  the  mean  surface  normal 
stress  (ground  pressure)  is  held  constant  at  80  kPa.  It 
may  be  seen  from  Figure  6  that  both  wheel  loads  would  cause 
the  same  degree  of  compaction  at  the  surface,  but  that  the 
20  kN  wheel  load  causes  considerably  more  compaction 
especially  at  depth. 


CONCLUDING  RF.MARKS 

The  model  greatly  simplifies  the  stress  applications 
caused  by  agricultural  vehicles,  and  the  response  of  the 
soil  to  them.  It  cannot  be  expected  to  achieve  accurate 
predictions  of  bulk  density  changes  even  if  accurate  input 
data  are  used.  Its  usefulness  lies  in  its  ability  to 
assess  the  relative  contributions  made  by  each  variable  to 
the  compaction  process  and  in  its  ability  to  compare  the 
relative  degrees  of  compaction  caused  by  various  wheel 
loads  and  arrangements  of  alternative  vehicle  designs. 

The  model  is  to  be  improved  by  the  development  of 
more  accurate  stress  prediction  solutions,  which  allow  for 
layered  soils,  and  by  t-he  development  of  trlaxial  stress- 
strain  relationships  to  account  for  shear  stresses. 
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ABSTRACT 

r 

Theoretical  and  applied  research  has  shorn  that  the  pressure  at  a  point 
In  the  subsurfac*  soil  is  a  function  of  both  the  surface  unit  pressure 
and  the  extent  of  the  area  over  which  It  Is  applied  (total  load). 

Thirty  years  ago.  eost  of  the  soil  compaction  from  vehicle  traffic  mas 
In  the  plow  layer  and  was  removed  by  normal  cultural  practices.  As 
equipment  has  Increased  In  site  and  mass,  machine  designers  have  In¬ 
creased  tire  sizes  to  keep  the  soil  surface  unit  pressure  relatively 
constant.  However,  the  Increase  In  total  axle  loads  Is  believed  to  have 
caused  an  Increase  In  compaction  at  any  given  depth  In  the  soil  profile, 
resulting  In  significant  compaction  In  the  subsoil.  _ 

Two  tires  of  different  sizes,  a  standard  agricultural  tire  and  a  flota¬ 
tion  tire  mere  used  to  support  equal  toads.  Soil  pressures  were  measured 
at  three  depths  In  the  soil  profile  directly  beneath  each  of  the  tires. 
Two  soils  were  used  and  each  mas  prepared  first  In  a  uniform  density  pro¬ 
file,  and  then  they  were  prepared  with  a  simulated  traffic  pan  (layer  of 
higher  density)  at  a  depth  of  approximately  30  cm. 

Results  showed  that  the  presence  of  a  traffic  pan  In  the  soil  profile 
caused  higher  soil  pressures  above  the  pan  and  lower  pressures  below  It 
than  mas  the  case  for  a  uniform  soil  profile.  The  soil  contact  surface 
of  the  flotation  tire  mas  approximately  22%  greater  than  the  agri¬ 
cultural  tire.  The  greater  contact  surface  did  reduce  soil  pressures  at 
the  soil  surface,  of  course,  but  the  total  axle  load  was  still  the  domi¬ 
nant  factor  In  the  18-50  cm  depth  range  used  In  this  study. 


INTRODUCTION 

The  average  mass  of  tractors  and  other  farm  machinery  has  Increased 
rapidly  In  the  past  30  years.  Tire  size  has  been  Increased  as  the  mass 
of  the  machinery  has  Increased  so  that  the  unit  load  applied  to  the  soil 
surface  has  chanead  very  little.  It  has  been  commonly  believed  that 
maintaining  a  relatively  constant  soil  surface  pressure  beneath  the 
tires  would  keep  soil  compaction  relatively  constant  also.  However 
evidence  of  greater  soil  compaction  has  been  reported  from  many 
countries  using  heavy  equipment  In  recent  years. 
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Th*  us*  of  vehicles  with  thr*«  or  four  wide  (Flotation)  tiros  for 
distribution  of  fertiliser  or  other  chemicals  hes  become  •  common  prac- 
tlce  In  mechanized  agriculture.  The  configurations  of  these  vehicles 
provide  sufficient  mobility  for  travel  over  almost  ah/  agricultural  soil 
condition.  The  flotation  tires  cover  aost  of  the  soil  surface.  Does 
spreading  the  total  load  over  such  a  large  area  eliminate  the  danger  of 
subsurface  compaction?  Th*  objective  of  the  research  reported  here  was 
to  aeasur*  and  coaper*  subsurface  soil  pressures  beneath  a  conventional 
agricultural  tire  and  a  wider,  flotation  type  tire  when  the  tires  wire 
carrying  equal  loads. 


mmous  RESEARCH 


Compaction  of  soils  under  heavy  equipment  could  have  been  predicted  from 
Froehllch's  [1]  work  of  SO  years  ago.  That  work  showed  that  pressure  In 
the  subsurface  soil  was  a  function  of  both  surface  unit  pressure  and  the 
total  load  applied.  The  following  formula  from  the  bouts Inesq  equations 
was  adapted  to  describe  the  pressures  in  the  soil  beneath  a  loaded  clr- 
cular  plate: 


oz  -  P,(l  -  cost  «)  (1) 

where  «z  ■  pressure  at  a  point  beneath  the  load  on  the  load  axis; 

Pa  -  surface  unit  pressure; 

t  -  concentration  factor,  dependent  on  soil  conditions; 
e  ■  one-half  the  aperture  angle  between  the  point  In  question  and 
the  edge  of  the  plate. 

Soehne  [2]  concluded  that  when  surface  pressures  are  equal,  the  pressure 
bulbs  will  be  larger  and  will  reach  deeper  as  the  total  load  Increases. 
Soehne  [3]  stated  that  'The  pressure  In  the  upper  soil  layer  Is  deter, 
mined  by  the  specific  pressure  at  the  surface,  which  depends  upon  the 
Inflation  pressure  and  the  soil  deformation.  The  pressure  In  deeper 
soil  layers  is  determined  by  the  amount  of  the  load." 

Reaves  and  Cooper  [4]  compared  stress  distribution  measurements  under 
pneumatic  tires  and  crawler  tracks  carrying  the  same  total  dynamic  load 
and  pulling  th*  same  drawbar  load.  Bulk  density  was  measured,  but  the 
results  wer*  erratic  and  were  not  reported. 

Bailey  and  Vanden  Berg  [S],  using  a  modified  trlaxlal  shear  apparatus, 
found  that  th*  bulk  density-soil  pressure  relationship  Involved  both  the 
mean  normal  stress  and  the  maximum  shearing  stress.  An  equation  con¬ 
taining  three  soil  parameters  was  proposed  to  describe  the  relationship. 

Taylor  et  al.  [6]  examined  th*  effects  of  total  axle  load  on  subsurface 
soil  cdQMTlon.  They  used  two  different  sis*  tires  and  adjusted  th* 
total  load  to  give  equal  pressures  at  the  soil -tire  interface.  Th* 
larger  tire  produced  higher  soil  pressures  at  all  depths  measured.  That 
work,  which  used  unequal  total  loads  but  equal  unit  pressure  under  th* 
tires.  Is  complementary  to  th*  work  being  reported  in  this  paper  «*1ch 
used  equal  total  loads  and  unequal  unit  pressures.  Further  discussion 
of  this  earlier  work  will  follow  later  In  this  paper. 

Nakansson  and  Oenfors  [7]  reported  on  20  years  of  compaction  resear  .h 
In  Sweden.  Early  concern  was  with  vehicle  compaction  of  th*  plow  layer, 
but  th*  steady  increase  In  farm  machinery  mats  brought  subsoil  compac¬ 
tion  problems.  They  reported  that  "Axle  loads  exceeding  f  tons  (8-10 


tons  on  a  Undo*  axle)  may  result  In  compaction  at  depths  below  40  cm.* 
Also,  they  found  the  persistence  of  subsoil  connection  Increasing  with 
depth  and  sometimes  tasting  for  decades. 

PROCEDURES  AMD  EQUIPMENT 

This  study  was  conducted  In  the  soil  bins  at  the  National  Tillage 
Machinery  Laboratory  (HTML)  using  the  tingle  wheel  tire  test  machine. 
The  flotation  tire  used  In  the  study  was  a  67  x  34.00«30,  12-ply  rating 
furnished  to  the  NTML  by  Firestone  Tire  I  Rubber  Company*,  Akron,  Ohio. 
The  tire  was  modified  by  Firestone  to  decrease  the  lugs  to  1/2  the 
original  height  In  order  to  provide  clearance  for  operation  In  the  NTML 
test  machine.  The  standard  agricultural  tire  was  a  24.6*32,  R*1  tread, 
10-ply  rating  b1as*ply  supplied  by  Goodyear  Tire  and  Rubber  Company*, 
Akron,  Ohio.  The  tires  are  shown  In  Fig.  1. 


Fig.  1.  A  24.6*32.  10-ply  tire  (left)  and  a  67  x  34:00-30,  12-ply 
tire  were  used  In  this  study.  (NTML  Photo  No.  W-296) 

Each  of  the  test  tires  was  operated  at  a  dynamic  load  of  36.6  kN  and 
at  a  net  traction  of  10  kN.  Travel  reduction  was  adjusted  by  computer 
control  to  the  level  needed  for  developing  the  10  kN  net  traction. 

Since  the  forward  velocity  of  the  test  machine  was  constant,  the  same 
level  of  output  power  was  developed  by  each  tire. 

Inflation  pressure  values  of  165  kPa  and  124  kPa  were  used  for  each  of 
three  and  two  replications,  respectively.  The  uneven  number  of  replica¬ 
tions  was  caused  by  limitations  of  space  in  the  soil  bins.  The  effec¬ 
tive  rolling  radius  used  for  each  tire  was  determined  on  the  test  soil 
at  36.5  kN  dynamic  load  and  165  kPa  Inflation  pressure. 


Use  of  a  company  or  product  name  by  USOA  does  not  Imply  approval  or 
recommendation  of  that  product  to  the  exclusion  of  others  which  may 
also  be  suitable. 


Pressures  within  the  soil  profile  were  Measured  by  strain-gaged  soil 
pressure  cells.  The  cells  had  a  diameter  of  76  mm  and  a  thickness  of  16 
mm.  These  cells  were  burled  In  the  test  soil  In  the  center  of  the  tire 
path  prior  to  the  tire  operation.  Two  pressure  cells  were  burled  at 
depths  within  the  soil  profile  of  18.  30,  and  60  cm  for  each  test  run. 

The  two  sod  types  used  were  Norfolk  sandy  loam  and  Oecatur  clay  loan. 
Each  soil  type  was  prepared  In  two  conditions:  Soil  fitting  number  one 
(F-l)  was  a  loose  condition  tilled  46  cm  deep  with  no  coMpection;  soil 
fitting  nuMber  two  (F-2)  was  In  a  stellar  condition  down  to  a  simulated 
traffic  pan  at  a  depth  of  approximately  30  cm. 

Tire  performance  data  and  soil  pressure  data  were  each  acquired  by  < 
comuon  digital  data  acquisition  system.  Pressure  distributions  with 
resii.*ct  to  a  point  directly  beneath  the  axle  were  recorded  and  used  to 
determine  the  maximum  pressure  from  each  pressure  cell.  Only  maximum 
pressure  values  were  used  In  subsequent  data  analyses. 

NESULTS  and  01SC0SSI0W 

Soil  pressure  cells  are  difficult  to  work  with  because  of  the  soil 
disturbance  necessary  to  implant  them.  Their  accuracy  Is  questionable 
even  when  their  precision  Is  good.  They  are  used  only  because  alternate 
methods  are  worse.  The  results  of  the  measurements  of  soil  pressures  at 
three  depths  under  two  tires  at  two  Inflation  pressures  are  graphically 
summarized  In  Figs.  2*6. 

In  Figs.  2-5,  each  point  on  the  graphs  at  165  kPa  tire  Inflation 
pressure  represents  measurements  from  6  soil  pressure  cells  while  each 
point  at  124  kPa  represents  4  soil  pressure  cell  measurements. 

Therefore,  each  of  the  Figs.  2-5  represents  the  results  of  60  soil 
pressure  cell  measurements. 

A  statistical  analysis  of  the  data  was  done.  However,  a  close  look  at 
the  raw  data  was  taken  first,  and  some  Interesting  trends  were  revealed. 
In  Figs.  2  and  3  (F-l),  the  soils  were  tilled  and  left  with  a  uniformly 
loose  profile.  The  18-cm  depth  on  the  Norfolk  sandy  loam  (Fig.  2)  shows 
the  expected  progression  of  soil  pressures:  big  tire,  low  Inflation 
pressure}  big  tire,  high  Inflation  pressure}  small  tire,  low  Inflation 
pressure}  small  tire,  high  Inflation  pressure.  However,  the  soil 
pressures  are  all  between  162  kPa  and  170  kPa,  representing  an  overall 
variation  of  only  about  61.  At  the  30-cm  depth  In  Fig.  2,  there  is  a 
reversal  between  inflation  pressures  on  the  big  tire  which  cannot  be 
explained.  The  165-kPa  point  appears  to  be  low,  disturbing  an  otherwise 
systematic  set  of  data.  Examination  of  the  6  values  averaged  to  obtain 
the  unexplalnably  low  value  yielded  nothing  unusual. 

The  Decatur  clay  loan  raw  data  (Ftg.  3)  were  not  as  predictable  as  the 
Norfolk  sandy  loam  (Fig.  2).  The  soil  pressure  responses  to  Inflation 
pressure  differences  on  the  small  tire  are  considerable  at  18  cm  and  30 
cm  while  the  big  tire  shows  little  effect  of  Inflation  pressure.  All 
values  of  the  soil  pressures  under  the  big  tire  fell  within  the  Infla¬ 
tion  pressure  response  range  of  the  Mill  tire  at  the  18-cm  and  30-cm 
depths,  but  at  the  50-cm  depth,  the  big  tire  shows  lower  soil  pressures 
than  the  small  tire. 


SO*  l  PMSSOftf  k*i 


Effect  of  totel  load  In  «  uni  for*  soil  condition.  (D.l.  • 
Dynamic  Load;  N.T.  •  Net  Traction;  N.C.  «  Moisture  Content) 
(NTML  Photo  No.  P10.358a) 


Effect  of  total  load  in  a  uniform  soil  condition.  (D.L 
Dynamic  Load;  N.T.  ■  Net  Traction;  N.C.  ■  Moisture  Content) 
(NTML  Photo  No.  P10.3S8C) 
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In  Figs.  4  and  5  (7*2),  a  traffic  pan  ms  Induced  In  both  soils  at  a 
depth  of  approximately  30  cm.  The  Norfolk  sandy  loan  (fig.  4)  shows  a 
relatively  high  soil  pressure  at  the  18-cm  depth  for  the  big  tire  at 
165  kPa  Inflation  pressure.  The  other  11  points  on  the  graph  reveal 
little  difference  between  the  pressures  beneath  the  tires  at  each  depth. 
In  the  Decatur  clay  1oa«  with  a  traffic  pan  at  30  cai  (fig.  5),  there 
appears  to  be  a  difference  In  soil  pressure  values  between  tires  and 
inflation  pressures  at  the  18-cm  depth,  but  the  difference  decreases 
as  the  depth  In  the  soil  Increases. 

All  of  the  above  discussion  was  based  on  graphs  of  the  raw  data.  An 
analysis  of  variance  was  run  on  the  data  using  a  factorial  design.  The 
soil  fitting,  the  measurement  depth,  and  the  fitting-depth  Interaction 
were  all  significant  at  the  It  level  of  confidence,  statistically, 
there  was  no  difference  due  to  tires  or  Inflation  pressure.  Since  total 
loads  were  equal,  the  analysis  Indicated  that  for  the  18-50  cm  depths 
used  In  this  study,  tire  site  had  no  significant  effect  on  soli 
pressures.  Only  the  total  load  Mattered,  not  the  surface  unit  pressure. 

The  larger  tire  footprint,  or  soli  contact  surface  area,  was  determined 
to  be  approximately  221  greater  than  the  smaller  tire  footprint  for  both 
soils  using  the  method  described  in  Taylor  et  al.  [(].  Spreading  the 
36.5-kN  load  over  the  larger  contact  surfacTVfthe  big  tire  would  cer¬ 
tainly  reduce  soil  unit  pressure  at  the  surface.  Froehllch’*  formula 
predicts  that  this  difference  in  surface  pressure  under  the  two  tires 
would  gradually  disappear  until,  at  some  depth,  the  pressures  would  con¬ 
verge  reflecting  the  equal  total  loads  supported. 

The  traffic  pan,  or  layer  of  Increased  soil  density,  that  was  used  for 
soli  fitting  (F-2),  has  a  distinct  effect  on  the  slope  of  the  soil 
pressure-depth  curve.  The  soil  pressures  are  much  htgher  above  the 
traffic  pan  and  much  lower  below  the  traffic  pan  than  is  the  case  for 
the  uniform  soil  condition  (F-l).  This  was  also  observed  In  earlier 
(1980)  work  by  Taylor  et  al.  (6J.  Figs.  (  and  7  show  results  from  one 
soil  fitted  uniformly  T^-TT  and  with  a  traffic  pan  (C-2).  The  1980 
tests  were  run  at  constant  travel  reduction.  The  present  tests  were  run 
at  constant  net  traction.  In  the  earlier  Investigation,  the  soil  sur¬ 
face  unit  pressure  was  equal  under  two  different  size  tires  but  the 
total  load  was  unequal.  In  the  present  work  the  total  load  was  equal 
on  the  two  different  size  tires,  resulting  in  unequal  soil  surface  unit 
pressures.  The  same  change  In  slope  is  evident  regardless  of  which 
loading  scheme  Is  used. 

The  1980  work  by  Taylor  et  al.  looked  at  soil  pressures  at  three  depths 
beneath  a  large  tire  anrf*T"flb11  tire  with  total  loads  adjusted  to  give 
soil  surface  pressures  that  were  equal  for  each  tire  (equal  soil  surface 
pressures-unequal  total  loads).  According  to  Froehllch,  the  soil 
pressure-depth  curves  for  these  tires  should  have  started  at  the  same 
point  for  the  surface  pressure,  but  diverged  with  increasing  soil  depth. 

The  current  work  discussed  In  this  paper  used  a  large  and  a  small  tire 
carrying  equal  total  loads  which  resulted  In  higher  soil  surface  contact 
pressures  under  the  smaller  tire  (equal  total  load-unequal  soil  surface 
pressures;.  According  to  Froehllch,  the  soil  pressure-depth  curves  for 
these  tires  should  have  started  with  quite  different  values  at  the  soil 
surface,  but  converged  toward  a  single  value  at  some  depth. 


NOflFOlK  f  2 


01  •  »»»■» 
»'  •  *o o  im 

H(  •*% 


34’  166  hPa 

34  168  k  Pa 


34'  134  kPa 


34'  134  k  Pa 


DtPTH.  cm 


Fig.  4.  Effect  of  totel  load  In  a  soil  with  6  hardpan  at  a  depth 
of  30  c«.  (D.l .  •  Dynawlc  load;  N.T.  •  Net  Traction; 
N.C.  •  Moisture  Content).  (NTHL  Photo  No.  P10.358b) 
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Fig.  5.  Effect  of  total  load  In  a  soil  with  a  hardpan  at  a  depth 
of  30  ca.  (0.1.  ■  Dynaolc  load;  N.T.  *  Net  Traction; 
N.C.  ■  Moisture  Content.  (NTHL  Photo  No.  Pl0,358d) 
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Fig.  6.  Effect  of  total  load  In  a  uni  font  soft  condition.  (T.R.  • 
Travel  Reduction;  Jl.T.  •  Net  Traction;  3.L.  %  Oynaelc  Load) 
(HTML  Photo  No.  P10,33M>1) 
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Fig.  7.  Effect  of  total  load  In  a  toll  with  a  hardpan  at  a  depth 
of  20  cm.  (T.R.  •  Travel  Reduction;  N.T.  •  Net  Traction; 
0.1.  ■  Qynaalc  Load).  (NT*.  Photo  No.  PlO.JJSdl) 
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While  the  current  work  discussed  Here  used  two  different  Inflation 
pressures,  tHe  differences  Mere  small  and  based  on  rated  load  for  each 
of  the  tires.  It  Is  not  surprising  that  the  statistical  analysis  showed 
that  the  effect  of  Inflation  pressure  on  the  subsurface  soil  pressures 
Mas  not  significant.  The  67  x  34-30  tire  Mas  a  flotation  tire,  but  It 
Mas  not  really  a  1oM-ground-pressure  tire.  Future  Investigations  are 
needed  to  determine  soil  pressures  at  several  depths  beneath  a  conven¬ 
tional  tire  and  a  1oM-ground-pressure  tire  carrying  equal  toads. 

C0HCLUSI08S 

The  presence  of  a  traffic  pan  or  compacted  layer  In  the  soil  profile 
concentrated  the  soil  reaction  to  traffic  forces  above  the  compacted 
layer.  Pressures  above  the  compacted  layer  Mere  higher  and  pressures 
below  the  compacted  layer  were  lower  than  they  were  for  the  same  soil 
with  a  uniform  density  profile. 

For  the  soil  conditions  In  this  study  and  within  the  range  of  tire  size, 
Inflation  pressures,  and  depth  of  pressure  measurements  used,  only  the 
total  load  significantly  affected  the  Intensity  of  soil  pressure  at  a 
given  depth.  There  Mas  no  significant  difference  between  soil  pressures 
measured  beneath  the  two  tires. 

Based  on  this  study  and  an  earlier  study  [6],  the  soil  pressures  at 
18-50  cm  are  dependent  upon  total  load  and  not  significantly  affected  by 
the  unit  pressure  under  the  tires  at  the  soil  surface. 
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ABSTRACT 

V 

In  the  absence  of  a  practical  monitor  of  soil  compaction,  the  increas:ng 
size  of  agricultural  tractors  Is  largely  dominated  by  the  upward  trend 
in  lalour  charnes.  The  object  of  this  study  is  to  assess  the  feasibility 
of  developing  a  compaction  penalty  index  as  a  function  of  the  penetration 
resistance  of  the  soil  and  soil  type.  _ 

Tracu.r  pok.rr  »or  primary  tillage  is  dependent  on  soil  strength;  both 
traction  and  plough  draught  can  be  predicted  by  meant  of  soil  penetration 
resistance  as  the  quantitative  parameter.  As  the  soil  penetration 
resistance  is  a  function  of  soil  moisture  content  and  density,  it  can  oe 
determined  directly  from  soil  and  weather  data.  Soil  texture,  in  the 
f"'”  of  the  ratio  of  clay  to  sand  and  silt,  Is  also  shown  to  be  an  import¬ 
ant  parameter  in  the  prediction  of  penetration  resistance.  Combining 
these  factors,  an  empirical  equation  for  the  soil  penetration  resistance 
is  developed  and  tested  under  a  wide  range  of  soil  conditions. 

Arbitrary  crop  losses  from  soil  damage  are  used  to  demonstrate  the  rela¬ 
tive  significance  of  compaction  penalty  costs  on  results  from  a  simulation 
model  for  tractor  power  selection.  On  the  basis  of  this  simple  sensitiv¬ 
ity  exercise,  it  is  concluded  that  further  work  Is  justified  to  develop  a 
compaction  penalty  index  based  on  the  penetration  resistance  equation. 


~  .  V'  , 
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1.  INTRODUCTION 

On  arable  farms  the  peak  dr»*bar  power  requirement  Is  determined  by 
primary  tillage  operations.  If  the  total  tractor  power  is  inadequate, 
delays  incur  severe  financial  penalties  through  loss  of  potential  crop 
yield.  In  order  to  avoid  these  penalties,  power  and  machinery  replacement 
policy  has  been  directed  consistently  towards  surplus  capacity.  This,  in 
itself,  is  simply  a  form  of  insurance  cover  against  the  risk  of  bad 
weather  and  machine  breakdowns.  Simultaneously,  however,  escalating 
labour  charges  have  stimulated  the  trend  towards  a  smaller  tractor  fleet 
size  comprising  fewer,  but  more  powerful,  individual  units.  The  implica¬ 
tion  of  machine  size  on  soil  damage  are  conveniently  ignored. 

Gross  vehicle  weight  must  increase  In  direct  proportion  to  engine  power 
output  for  efficient  draught  operations.  Whilst  every  effort  Is  made  to 
maintain  constant  ground  contact  pressure  despite  the  heavier  machines, 
the  net  effect  of  using  larger  and  wider  tyres  to  increase  the  contact 
area  is  to  create  higher  stresses  at  deeper  levels  in  the  soil  profile. 

At  the  simplest  level,  the  economic  penalty  of  deep  compaction  is  the  cost 
of  subsoiling.  The  repetitive  frequency  of  this  operation  Is  in  direct 
proportion  to  both  the  Increasing  size  of  the  tractor  causing  the  soil 
damage  and  the  increasing  availability  of  that  tractor  for  the  remedial 
work. 
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Alternatively,  the  economic  penalty  mutt  be  linked  to  crop  retpontet. 
Compaction  of  the  toil  increatet  the  mechanical  retittance  experienced  by 
penetrating  roott.  Whilst  the  limiting  mechanical  retittance  variet 
widely  for  different  plant  tpeciet,  the  level  of  mechanical  retittance 
which  reduced  ratet  of  seedling  root  elongation  to  20t  of  their  maximum 
has  been  estimated  to  lie  within  the  narrower  range  of  2*s- 35  bar  for  three 
plant  species,  (Gooderham,  1977).  Differences  between  soils  were  found  to 
be  larger  than  between  plant  species  (fig  I),  as  would  be  expected  from  an 
understanding  of  the  mechanics  of  root  growth  (Abdalla  at  al,  1%9).  Thus, 
it  appears  entirely  feasible  to  link  the  rate  of  root  elongation  to  cone 
penetration  resistance,  provided  account  is  taken  of  soil  type.  It  still 
remains  to  link  root  elongation  with  plant  yield. 

Eriksson  et  al,  0974)  have  shown  that  the  effect  of  top  soil  compaction 
on  relative  cereal  yield  is  significantly  influenced  by  the  toil  moisture 
content  (fig  2).  They  adopted  the  term  "Degree  of  Compactness"  to  indi¬ 
cate  the  change  in  thickness  of  the  top  soil  layer.  A  measure  of  the 
degree  of  compactness  can  be  obtained  by  calculating  the  actual  bulk 
density  of  the  soil  as  a  percentage  of  the  bulk  density  at  a  standard  com¬ 
pacted  condition  Induced  by  a  static  pressure  of  200  kPa.  The  degree  of 
compactness  that  is  common  after  autumn  ploughing,  in  the  early  spring  and 
after  normal  spring  tillage  Is  given  in  the  diagram.  During  wet  years, 
the  optimum  degree  of  compactness  is  less  than  in  everege  and  dry  years, 
furthermore,  the  clay  content  of  the  soil  also  affects  the  yield  response 
curve. 

The  object  of  this  study  is  to  develop  an  empirical  equation  for  the  cone 
penetration  resistance  of  soil  which  incorporates  soil  mechanics  theory  in 
a  form  which  is  readily  assimilated  in  agricultural  applications  related 
to  the  draught  of  tillage  equipment,  traction  and  compaction. 

2.  COME  PEWETRATIOH  RESISTANCE 

From  an  earlier  investigation  (Eradat  Oskoui  and  Witney,  1982),  it  was 
proposed  that  the  cone  penetration  resistance  of  the  soil  was  a  function 
of  soil  muisture  content  and  soil  specific  weight  which  jointly  represent 
the  cohesive  and  frictional  coaqwnents,  such  that: 

Cl  -  f(c)  ♦  f (y)  . (I) 

where:  Cl  •  cone  index,  MPa 

c  •  soil  cohesion,  kPa 
y  *  soil  specific  weight,  kfi/m* 

It  was  argued  that  the  cohesive  strength  of  the  soil  Is  substantially 
influenced  by  soil  moisture  content  whilst  both  the  specific  weight  and 
the  angle  of  Internal  shearing  resistance  are  affected  to  a  lesser  extent. 
From  regression  analysis  of  test  data  from  three  soils,  ranging  from  sandy 
loam  through  to  clay  loam,  the  empirical  equation  for  the  soil  cone  Index 
at  median  plough  depth  was: 


where: 


Cl  -  450.5  ♦  0.019  y 

•  -  soil  moisture  content,  X, 


<2) 


763 


This  equation,  however,  is  appropriate  for  only  a  limited  soil  moisture 
range  but  one,  fortunately,  covering  the  optimum  soil  workability  condi¬ 
tions  of  agricultural  operations.  There  Is  considerable  experimental 
evidence  of  a  much  greater  divergenc<*  of  cone  penetration  resistance 
values  at  both  the  drier  and  wetter  extremes  of  the  soil  moisture  spectrum 
for  different  types  of  soils.  On  sandy  soils,  Harrison  and  Chang  (1966) 
found  that  soil  strength  changed  little  with  moisture  content,  in  contrast 
with  heavier  soils  where  both  cohesion  and  angle  of  internal  shearing 
resistance  decreased  dramatically  above  the  liquid  limit.  Voorhees  and 
Walker  (1977)  quoted  high  cone  penetration  resistance  values  in  clay  soils 
below  251  moisture  content  and  exceptionally  high  cone  penetration  resis- 
tanceswere  obtained  in  reconstituted  laboratory  silt  loam  soil  under 
dry  conditions  (Wells  and  Treesuwan,  1977). 

2.1  Clay  ratio 

The  mechanical  analysis  of  particle  size  Is  a  simple,  widely  available  and 
readily  understood  class) f Icat Ion  method  which  can  account  for  the  local 
variability  of  agricultural  toils.  At  the  clay  fraction  hat  cohesive  pro¬ 
perties  by  virtue  of  Its  chemical  bonds.  It  It  proposed  that  the  ratio  of 
clay  to  tilt  and  sand,  C  ,  it  a  practical  monitor  of  toil  texture  which 
can  be  included  in  the  cone  penetration  resistance  equation.  Thus,  the 
cohesive  component  of  the  cone  penetration  resistance  becomes  not  only  an 
Inverse  exponential  function  of  the  soil  moisture  content  but  also  directly 
proportional  to  the  clay  ratio.  At  high  clay  ratios  and  low  moisture  con¬ 
tents,  therefore,  very  high  cone  penetration  resistances  are  predicted  by 
this  cohesive  component ,  decreasing  virtually  to  zero  above  the  liquid 
limit  when  heavy  soils  turn  Into  a  fluid  mud  (fig  3a). 

2.2  Pressure  bulb 


When  a  circular  probe  is  pushed  into  a  particulate  soil.  It  develops  a 
pressure  bulb  around  Its  base.  The  frictional  component  of  the  penetra¬ 
tion  resistance  depends  on  the  weight  of  the  soil  within  this  failure  zone, 
the  extent  of  which  being  related  to  the  .tm/e  of  Internal  shearing  resis¬ 
tance  of  the  soil  (fig  3b).  From  elementary  soil  mechanics,  if  the  sloping 
face  of  the  cone  is  taken  as  the  initial  radius  of  a  logarithmic  spiral, 
r  ,  then  the  final  radius  of  the  spiral,  rt,  acts  as  the  boundary  with  the 
passive  earth  pressure  zone  which  breaks  Into  the  unsupported  vertical 
face  surrounding  the  penetroamter  shaft.  For  a  completely  formed  pressure 
bulb,  the  included  angle  for  the  spiral  is,  approximately,  II  radians  and 
the  equation  for  the  logarithmic  spiral  becomes: 


In  general  terms,  a  high  value  of  h5*  1s  realistic  for  the  angle  of 
Internal  shearing  resistance  of  compact  dry  sands,  declining  to  zero  for 
heavy  wet  clays.  For  the  tangent  of  the  friction  angle,  the  limiting 
values  of  I  and  0  bound  a  range  which  can  be  related  to  the  clay  ratio  by 
a  simplistic  ee^irlcism  (table  1). 
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Table  1.  Relation  between  the  tangent  of  the  friction  angle  value*  of  the 
clay  ratio 


frict Ion  angle 
(♦). 

deg 

tan  »  »  ^(1  ♦  Cr) 

Clay  ratio 
<Cr> 

45 

1 

0 

40 

0.84 

0.19 

35 

0.70 

0.43 

30 

0.58 

0.72 

25 

0.47 

1.13 

20 

0.36 

1.78 

15 

0.27 

2.70 

10 

0.18 

4.56 

5 

0.09 

10.11 

The  frictional  component  of  the  cone  penetration  ret  I  stance  it  then 
directly  proportional  to  the  specific  weight  of  the  soil  and  to  an 
exponential  function  for  the  logarithmic  spiral  effect,  with  the  clay 
ratio  being  utilised  in  a  for*  which  represents  the  Influence  of  friction. 

In  a  purely  frictional  sand,  the  clay  ratio  It  xero.  Consequently,  soil 
moisture  content  has  no  effect  on  the  cone  penetration  resistance  but 
variation  in  specific  soil  weight  has  a  considerable  effect  (fig  3a).  As 
the  clay  ratio  increases,  the  effect  of  density  diminishes  and  the  cohesive 
forces  predominate.  Whilst,  in  theory,  the  logarithmic  spiral  effect 
should  qualify  the  cohesive  component  as  well  as  the  frictional  component, 
the  inclusion  of  a  very  high  clay  ratio  it  only  acceptable  at  high  moisture 
contents.  As  the  soil  dries  out,  strong  clays  in  the  massive  state  alto 
exhibit  a  high  angle  of  internal  shearing  resistance,  for  simplicity, 
this  phenomenon  can  only  be  accommodated  within  the  empirical  equation  by 
eliminating  the  action  of  the  logarithmic  spiral  effect  on  the  cohesive 
component . 

2.3  experimental  evaluation 

Combining  the  two  eexaponentt,  the  cone  penetration  resistance  equation 
takes  the  form: 

Cl  -  A  C  e-ne  ♦  A  y  en/(l  *  Cr}  . (3) 

c  r  *  •" 

where:  Cl  -  penetration  resistance,  HPa 

C  ■  clay  ratio 
A  ,  A  »  coefficients 
n*  •  exponent 

y  •  soil  specific  weight,  kN/m’ 

4  -soil  moisture  content,  % 

Experimental  data  for  four  soils  (Cradat  Otkoui  and  Witney,  1982; 

Stafford,  1984)  was  analysed  for  each  toil  and  In  total  to  determine  the 
values  of  the  regression  coefficients  for  equation  3  (table  2).  The 
optima*  value  of  the  exponent,  n,  was  found  to  be  0.08. 


i 

| 
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Table  2.  Value*  of  the  clay  ratio,  cone  penetration  resistance  coeffici¬ 
ent*  ,  their  standard  error*  and  percentage  explanation  of  the 
penetration  retlttance  retultt. 


Soil  series 

Clay  ratio 

CoeTT 

K 

c 

Icttntt 

s 

it«nd«rd  error* 
— — — 

_  C _ % _ 

Explanation 

X 

Darvel 

0.17 

28. A3 

0.00IA6 

3.7A2 

0.00035 

99.0 

Hacxwrry 

0.23 

21.60 

0.00175 

A. 516 

O.OOOA6 

98.6 

W inton 

0.33 

13.95 

0.00317 

3.A53 

0.00097 

99.1 

Si Isoe 

1.57 

11.98 

0.0123 

2.330 

0.0052 

90.8 

All  soil* 

IH3T 

8.06263 

6.6 66 

"raw 

ihl . 

The  prediction  of  the  cone  penetration  retlttance  by  Mean*  of  Individual 
equation*  for  Darvel,  NacMerry  and  WInton  toil*  I*  very  accurate  with  99t 
of  the  data  explained.  Thit  exhibit*  a  minor  improvement  compared  with 
the  retultt  which  were  obtained  by  meant  of  equation  2.  Although  the  per¬ 
centage  explanation  of  the  experimental  data  fall*  when  the  cone  penetra¬ 
tion  retlttance*  of  all  the  tollt  are  determined  from  a  tingle  equation, 
it  mutt  be  noted  that  the  Inclusion  of  the  Slltoe  toil  terlet  Increatet 
the  range  of  the  clay  ratio  five  fold  and  the  tpread  of  the  cone  penetra¬ 
tion  retittance  data  from  three  timet  the  lowett  value  to  ten  time*  the 
lowest  value  (table  3  and  fig  A). 

The  fact  that  the  value*  of  the  coefficient*  for  the  individual  toil*  still 
exhibit  a  trend  linked  to  the  change*  In  the  clay  ratio  it  an  indication 
that  additional  refinements  are  feasible.  Two  possibilities  are,  firstly, 
to  use  the  deviation  moisture  content  from  a  standard  value,  such  at  at 
the  plastic  limit.  In  place  of  the  absolute  moisture  content  and,  secondly, 
to  include  an  additional  soil  specific  weight  term  equivalent  to  the  sur¬ 
charge  effect  of  foundation  bearing  capacity  theories.  Whilst  both  these 
alternatives  have  credibility.  It  it  Important  to  balance  the  potential 
benefit  which  would  accrue  from  the  additional  complexity  of  the  equation. 

3.  APPLICATION  Of  THC  COME  fCWETMTtOW  ACSISTAMCt  EQUATION 

•y  means  of  the  cone  penetration  resistance  equation,  both  the  traction 
of  a  t«e>  wheel  drive  tractor  and  the  draught  of  a  plough  are  linked  to 
toll  texture  at  well  as  to  both  toll  moisture  content  and  toll  specific 
weight.  In  turn,  toll  moisture  content  can  be  simulated  from  soil  and 
weather  data  (Witney  at  at,  1982),  and  the  resultant  data  analysed  to 
identify  suitable  work  days  vrfmn  the  toll  workability  meets  specified 
criteria.  Thus,  It  is  possible  to  establish  the  operational  costs  for 
different  sizes  of  tractors  ploughing  a  fixed  area  of  land  in  a  prescribed 
period  and  for  maximum  acceptable  toll  moisture  content  (Wltnay  and  Eradat 
Otkoul,  1982).  When  the  available  power  It  Inadequate,  complet ion  of  the 
work  It  delayed  and  incurs  a  crop  yield  penalty  (fig  9).  from  this  example, 
it  It  avldant  that  the  penalty  for  an  underpowered  tractor  It  vary  high, 
whereat  the  extra  cost  of  overtlzlng  the  tractor  It  very  small. 

If,  however,  an  arbitrary  value  It  placed  on  the  toll  daatage  from  heavier, 
more  powerful  tractors,  the  optimum  sice  of  tractor  becomes  more  specific. 
Consider,  for  example,  only  a  It  lost  of  potential  yield  by  using  a  SO  kW 
tractor  In  the  crop  establishment  operations  following  ploughing  and  that 
the  lost  doublet  for  every  2S  Mf  Increase  In  tractor  power  ebove  that 
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Table  3.  featured  and  predicted  cone  penetration  refinance* 
f row  four  toll*,  together  with  toll  data. 


Clay 

ratio 

Soil 

spec!  He 
weight , 
kh/w* 

Soli 

■oltture 
content , 

2  w/w 

Cone  penetration  remittance,  MPa 

Meeaured  Predicted 

0.17 

12.2k 

25.2 

0.779 

0.828 

28.9 

0.869 

0.738 

30.8 

0.586 

0.701 

34.5 

0.531 

0.643 

12.25 

25.1 

0.889 

0.832 

27.1 

0.807 

0.779 

31.1 

0.586 

0.696 

33.0 

0.517 

0.664 

34.0 

0.572 

0.651 

36.5 

0.524 

0.618 

12.27 

25.6 

0.827 

0.819 

25.7 

1.000 

0.817 

35.5 

0.676 

0.631 

12.29 

24.2 

0.978 

0.860 

26.3 

0.862 

0.800 

30.7 

0.676 

0.704 

34.1 

0.585 

0.650 

0.23 

11.67 

31.2 

0.834 

0.695 

31.3 

0.765 

0.692 

35.3 

0.599 

0.612 

41.0 

0.537 

0.533 

H.  79 

29.7 

0.710 

0.738 

31.9 

0.627 

0.682 

34.5 

0.572 

0.629 

38.9 

0.489 

0.581 

12.15 

29.1 

0.772 

0.766 

32.1 

0.703 

0.691 

32.5 

0.703 

0.682 

12.19 

33.1 

0.407 

0.670 

41.4 

0.351 

0.546 

12.43 

29-8 

0.731 

0.762 

29-9 

0.699 

0.752 

34.0 

0.641 

0.660 

38.2 

0.545 

0.592 

0.33 

12.44 

26.7 

1.116 

0.974 

27.2 

1.041 

0.947 

27.9 

0.889 

0.916 

29.0 

0.827 

0.866 

12.54 

25.0 

0.985 

1.088 

27.3 

0.985 

0.945 

21.5 

0.972 

0.893 

28.8 

0.954 

0.864 

79.1 

0.854 

0.877 

29.8 

0.813 

8.837 

> 
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Table  3 

(Conti ouad) 

Clay 
rat  lo 

Soil 

(pacific 

weight, 

Ml/** 

Soil 

■olttvre 
content , 

2  w/w 

Cona  penetration  red  (tenet,  MPa 

Meat u red  Predicted 

O.JJ 

12.80 

26.2 

1.036 

1.123 

(contd) 

28.6 

0.965 

0.892 

28.8 

0.751 

0.885 

30.3 

0.868 

0.826 

12.91 

26.1 

1.199 

1.018 

26.1 

0.882 

1.018 

26.8 

1.061 

0.982 

30.3 

0.730 

0.828 

31.3 

0.861 

0.793 

12.93 

26.6 

1.061 

1.100 

25.1 

0.910 

1.071 

29.2 

0.836 

0.870 

1.57 

12.16 

33.7 

1.900 

1.796 

13.93 

33.2 

2.600 

1.888 

16.22 

31.3 

2.900 

2.180 

16.61 

32.2 

2.100 

2.033 

16.81 

66.1 

0.900 

0.869 

15.22 

31.6 

2.700 

2.160 

15.30 

32.1 

3.000 

2.056 

15.35 

36.0 

1.800 

1.786 

15.69 

33.1 

2.000 

1.909 

15.79 

30.8 

1.500 

2.278 

16.05 

61.1 

1.700 

1.080 

16.18 

27.2 

3.600 

2.996 

31.2 

1.600 

2.206 

31.7 

2.700 

2.133 

60.0 

1.300 

1.168 

16.26 

31.3 

3.500 

2.189 

16.38 

29.0 

1.100 

2.616 

16.65 

32.3 

2.700 

2.061 

16.68 

28.3 

2.800 

2.766 

39.6 

1.600 

1.206 

39.6 

1.600 

1.206 

16.50 

39.6 

1.300 

1.206 

16.52 

63.2 

1.500 

0.937 

16.72 

28.0 

6.500 

2.822 

16.87 

25.2 

2.100 

3.695 

16.97 

27.6 

2.500 

2.965 

17.06 

61.3 

1.300 

1.075 

67.9 

0.600 

0.696 

17.16 

32.8 

1.600 

1.976 

36.7 

1.800 

1.681 

17.26 

27.9 

1.600 

2.869 

32.0 

1.600 

2.087 

17.36 

3.800 

6.018 

17. *7  66.3  1.500  0.881 
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level.  Thlt  4  fold  increate  it  not  unreel Ittic  with  reference  to  the 
100  kW  tractor  which  require!  dual  tyret  to  rataln  the  tana  ground  con* 
tact  prattura  at  tha  SO  kW  tractor  and  In  addition  ganaratat  contact  Ion 
at  a  daapar  lava  I .  Ovar  tha  total  cropping  araa,  tha  value  of  tha  toil 
damage  panalty  for  tha  largar  tractort  nlrrort  tha  timet Inett  panaltlat 
for  tha  tmaller  tractort  and  Idantlflat,  oora  clearly,  that  tha  extra  coat 
of  overpowered  tractort  It  tignlflcant. 

6.  C OWC L US IQWS  AND  FURTHER  WORK 

A  two  part  aquation  It  davalopad  to  pradlct  tha  panatration  ratlttanca  of 
a  cona  penetrometer  f row  toll  moltture  content,  toll  tpaclflc  walght  and 
toil  texture.  Tha  correlation  batwaan  thaoratlcal  and  experlnantal  valuat 
of  tha  cona  panatration  ratlttanca  It  Improved  for  a  wide  range  of  condl- 
t loot. 

It  It  conti dared  that  thla  font  of  aquation  it  nora  appropriate  for 
Inclution  in  a  compact  Ion  penalty  Index.  Further  work  It  In  progrett  to 
relate  tha  change  in  cone  panatration  ratlttanca  from  the  pattaga  of  a 
wheal  to  the  lott  of  crop  yield. 
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£xp*ct*d  relative  yield,  X  Relative  rat*  of  root  growth. 


Soli  moisture  content,  t  w/w 


Figure  3.  (e)  The  effect  of  toll  moisture  content,  end 

cley  retlo  on  the  cone  penetration  resist 
once  for  e  bend  of  soil  specific  weights 
from  It  -  16  kN/m*. 

(b)  The  relative  else  of  the  pressure  bulb 
formed  round  the  base  of  e  cone  penetro¬ 
meter  for  cley  (IMS)  end  tend  (MIS). 


Predicted  cone  penetration  resistance 
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Mease  red  com  penetration  resistance,  MPa 

figure  4.  Measured  and  predicted  values  of  the  cone  penetration 
resistance  for  four  soils. 
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Tractor  poirftr, 
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The  landmark  In  machine  development,  particular^  in  loudtng 
and  earth  moving  machines  was  tho  Introduction  of  an  art!  - 
culated  ohassia.  It  considerably  increased  their  manoeuvra¬ 
bility  _nd  turning  abilities  and  improved  other  porforoa-io c 
larwiotors  in  relation  to  the  machin.s  with  steered  wheels. 
The  idea  of  an  articulated  vehicle  dates  back  to  as  cl.  ~ly 
as  19th  century.  Later  years  brought  about  the  solutions  of 
articulated  vehicles  suggested  by  a  uuubei  if  f irns^liko 
Pavi  wl-foloti  (Italy)  ,  Pavosl-.’llson  (.ingland),  Loturno 
(-•Vance),  krupp  (Germany)  ,  Lockheed  ( t'.j.v)  .  (i'or  many 
jfenrii ,  however,  the  designers  did  not  utilize  tills  way  of 
steering,  file  offcoclvo  application  of  articulated  machines 
was  iccclcmted  only  by  the  development  of  drive  systems, 
particularly  of  hydraulic  ones.  — _  ,  _ 

one  of  the  eaaontlal  tusks  on  tho  design  stage  is  tho  prob¬ 
lem  of  oolocti-ig  such  a  structure  and  geometry  of  a  mocha  - 
nism,  th.it  the  obtained  solution  can  be  optimum  in  torus  of 
the  machine's  performance  requirements.  'Hie  authors  present 
the  guidelines  for  designing  turning  gears  in  articulated 
machines  worked  out  in  the  Institute  of  ilachiue  Jo  sign  and 
1'crf oruanoe ,  Wroclaw  Technical  University.  fl\e  dotails  may 
bo  found  in  tho  publications  [l]  ,  [3J  ,  [5^  [6j  ,  [3j  , 

lUbXutOH  Uti.i. 

file  turning  gears,  in  actual  performance  conditions,  should 
proviu*  the  indispensable  turning  velocity  and  tho  indispen¬ 
sable  t  listing  moment  of  the  machine's  members.  The  oampu  - 
tat  ion  muthods,  conditions  and  resiU-t*  of  studies  on  these 
quantities  arc  presented  in  work  [ij . 

Jharactcrist lea  of  tho  moment  and  turning  velocities  are 
determined  by  the  design  scheme  of  the  steering  system. 

The  efforts  to  Increase  the  reliability  of  turning  gears, 
and  first  of  all,  to  obtain  the  desired  characteristics  of 
power  parameters,  resulted  in  the  diversity  of  gear's  dssign 
solutions  [2J  and  In  n  large  number  of  patents.  Table  1 
prose  its  tho  suggestion  of  systematising  the  existing  design 
solutions  of  turui ig  gears. 
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fable  I.  Clasalfic-t  t  io  <  of  tur..tr;  [foura  of  n.'t  Iculutou 
vc'.iial  .-o 


It amp Vary 

patent* 

• 

u 

* 

© 

10 

r+ 

l 

iwovor 

sa  Ho  1.047.670 

u_.i  Wo  2.426.652 

U.iA  Wo  2.638.998 
y w.v  ::o  2.885.021 

17 Jn  Wo  2. 6 14.644 
i’L  Wo  1 .124.689 

l'oothod 

Cylindrical 

mesh 

U3a  Wo  2.332.736 

0.»i  Wo  2.400.368 

USA  Mo  2.461.596 

UW..  Wo  3.083.733 

Conic  uesh 

-ora 

Combined 

with 

Elastic 

connector 

Chain 

ua<v  Mo  2.676.664 

Hope 

Combined 

Lover-Tooth 

Lever-Chain 

la  ap-to-date  articulated  vahiolos,  the  moat  frequently  used 
gtar  la,  however,  the  lovar  oua  with  liydraullo  cylinders  of 
varying  length.  Tha  c own  on  application  of  that  aolution  ha a 
baan  determined  by  lta  obvious  advantages,  auoh  aa :  capabi  - 
llty  of  carrying  considerable  load,  high  durability.  Infini¬ 
tely  variable  driva  ay  at  an,  aelf-lubrtcatlon  and  aaiall  lnar  - 
tia,  which  determines  tha  ao  oallad  ataarabllity  of  a  machi¬ 
ne.  Tha  ooaaaonly  uaad  lovar  turniu  gaar  oonalata  of  two 
double  action  hydraulic  oyllndara  pj  .  There  are  alao  turning 
Coara  with  a  groatar  number  of  hyiMmlio  oyllndara  or  with 
two  single  action  oyllndara  [3} . 

The  analysis  of  the  turning  gears  known  from  1' toratura  ln- 
dioataa  that  they  do  not  exhaust  all  possible  solutions  and 
oau  not  bo  approached  aa  tha  solid  basis  for  selecting  tha 
optimum  solution. 
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Prior  to  defining  nil  possible  ttructuril  solutions  of  tur  - 
iilng  gtar  vitii  double  action  hydnullo  oylindars,  it  woo  at¬ 
tuned  that  the  gear  consisted  of  two  synsaetrloel  ineohonlaus , 
working  aaru lolly,  which  eliminated  tiio  favoured  direction  of 
tumi:ig  T3 J ,  On  the  stag*  of  otruotural  synthesis,  the  lover 
gear  was  assumed  to  be  flat,  though ,  in  fact,  it  is  a  sligh¬ 
tly  spatial  mcohsnism.  .Uso  on  this  stage,  the  nou-plauoible 
systems  would  bo  sliiunntod  [4],  For  exaaplo,  duo  to  menu  - 
faoturing  expenses  and  heavy  performance  conditions  of  arti  - 
ciliated  v ohio lea,  all  versions  of  turning  gears  solutious 
including  kinematic  pairs  of  hi^br  order  than  I  were  exoiu  - 
ded  from  considerations.  Jtth  the  assumption  above,  the  geer 
is  sought j  the  eo  called  intermediate  ohala  (T)  joining  the 
front  (p)and  the  rear  It)  mam  her  of  an  articulated  vehicle 
and  performing  the  turning  of  a  vehicle  by  the  assigned  angle 
t  ,  Fig. t  . 


Jith  the  use  of  computer  method  of  structural  synthesis  and 
with  the  above  assumption,  all  posslbls  solutions  of  the 
turning  goars  with  double  notion  eyiindors  were  obtained [3] . 
they  are  compared  in  Fig. 2.  There  aro  two  versions  (a)  and 
(o) t rou  among  ths  obtained  solutions  whioh  ars  known  to  the 
authors,  tho  other  ones,  which  wore  new,  have  bee n  patontod 

I?* 


vzwoniuxct  iu,iUXrt^iuarrj  of  tgjhning  g^uu 


The  pr «por  p«rfonunoe  of  turning  soar,  In  the  given  oondi  - 
t lone  la  the  basis  for  evaluating  the  performance  qualities 
of  an  articulated  vehicle.  In  view  of  the  above,  the  turning 
gear  should  meet  a  number  of  requirements,  and,  first  of  all 
it  should t 

a)  provide  the  so  called  disposable  moment  on  such  a 

level  that  its  value  over  the  range  of  turning  angles  of  a 
maohlxic  shquld  be  higher  than  the  total  turning  resistances 
HgftfH1  j  » l6J  of  •**  articulated  machine,  that  is,  according  to 

filled: 


ons  in  Fig. 3  the  following  condition  must  be  full  - 


V*1 


fu' 


(? 


-  p  )  h 

tx  * 


*  ■'ad  •  f )  ^  **oC^ 


(1) 


where  > 

if  -  total  efficiency  of  turning  cylinders, 

pmxx  -  maximum  pressure  possible  to  be  generated  in  the 
hydraullo  turning  gear, 

?m  -  run-off  pressure, 

hg  (x,f),  (x,y)-  outer  a.id  innod  eru  of  forces  genera¬ 

ted  i:i  the  turning  cylinders, 

x  «[j,b,o,d]‘  •  Vector  of  parameters  denoting  the  lo  - 

oetlon  of  turning  cylinders, 


‘A'  *3 


. *  •••  .  ! 
.fvT  ■  i 


Fig. 3  ilia  tumtu  (our  coma  only  uaod,  for  ox. 
juolto  t  loaders 


i'ho  exaaplc  of  that  effeot  of  turali^f  cyH.uljr«'i  location 
upon  the  course  of  disposable  uouent  ii.  the  function  of  t; 
turning  anale  has  baa.;  presented  in  Pi£.i»  . 

b)  provide  tha  indispensable  tur.ii-.;  velocity 
dot  oral.  jI'vj  tha  laaohino  a  perforuanca  rjuali 
for  instance,  uanoouvrability .  .ccordl.^j  to 
(x,  ■),  d.,  ..  ,  T)  i  ith  boi;ic  the  uoaorbi .:g 

turnip  cylinders ; 


ul  of  a  vehicle 
t“ec,  such  aa, 


t* 


J-0“ 

capacity  of 
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c)  provide  the  uniformity  of  tuntlnc  vdooity  whloh  prevents 
the  harmful  dynaalo  load.  The  problem  lo  partially  solved, 
for  example,  by  apply lap  certain  solutions  In  the  hydrau  - 
lio  system  of  turning  pear  [7]  , 

d)  provide  possibly  preet  aaplos  of  purobase  hs  *"d  p* 
oorreotness  of  tunalnp  poor  solution  la  terms  of,  amonp 
others,  aanufaoturlap  lnaeouraalos,  offsotlvoness  of 
active  forces,  occurrence  of  olroulatlnp  poser,  and  the 
ensulnp  load  Inoroase  on  hlnsmstlo  pairs, 

s)  provide  the  minimum  power  consumption  durinp  the  turnlnp. 

SCUtCTIOM  OP  STRUCTURAL  SOUTTIOPS 

op  Tunmn  gears 

In  order  to  satisfy  the  requirements  of  saplneerlnp  praotloe 
the  obtained  sot  of  aoeoptablo  solutions  Pip. 2  was  subjec¬ 
ted  to  another  selection  la  view  of  structural  evaluation 
and  performs  it  ns  requirements  of  turnlnp  pear. 

The  structural  evaluation  was  made  on  the  prounds  of  the 
follow lop  orltsrle:  the  d spree  of  reliability,  relative  aanu¬ 
faoturlap  oost,  t hi  form  of  power  flux  carried  by  the  pear, 
susceptibility  to  aanufaoturlap  Inaoouraoies.  Xnoludlnp  the 
tbove  criteria  and  employ lnp  the  method  of  structures  classi¬ 
fication,  the  authors  mads  the  quality  evaluation  of  the 
solutions  in  Pip. 2,  the  obtained  prof errenoe  aequenoo  be lnp 
as  follows  1 

1.  dear  (a) 

2.  Dear  Id)  and  (o) 

3.  Oear  (b)  ,  <e)  and  If). 
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wu  the  a>  uo-.u  tho  adopt. -w  aulukillo.i  criterio..  for 

turning  ju  i ra  iaa  the  coii'l  •  ~  >..  of  providiig  i.:dlspo.iU<.bl  o 

uia,)oail)lo  moment  hjjf)  o"/or**  -.ale  ra.igc  of  tuning  .i,;loa ; 
the  condition  w.is  coasiuorcil  to  bo  ti»c  ;iaJor  porf orua  ;  ; ••  ro  — 
-.I’llrouout  for  turning  gear,  ui  other  words,  condition  ( 1 ) 
must  be  satisfied.  Tile  studies  demonstrated  that  the  total 
moment  of  turning  roaistaaoca  In  an  articulated  vehicle  al  - 
ways  rose  with  the  turning  angle  and  ro »ohud  the  ;  loximum  for 
|  ~  t  max  C 1 1  •  Moreover,  in  order  to  ensure  the  equal  load  on 
turning  goo rs,  the  followi:ig  condition  should  be  satisfied: 


r  tm»* 

I  [;id  (fuax>-  ‘‘:o*<f>]  df 


where  : 


j.j  -  disposable  worit, 

l>u  -  utilizablo  work,  of  tuning  gaara, 

Condition  (2)  will  bo  satisfied  when  the  characteristic  of 
disposable  uoaont  ilj(f)  takas  the  siailar  course  the  olurao  - 
teristic  of  the  cotal  aomont  of  turning  resistances  M  _(j)  , 

with  condition  (1)  being  obsorvod. 

in  vie-./  of  the  abovo  criteria,  tho  gears  <b),(c)  are  exclu¬ 
ded  fr on  further  considerations  duo  to  thoir  structural  comp¬ 
lexity  and  always  s  o on vex  function  of  disposable  uoaont. 

Gear  (n)  also  has  such  oourse  of  its  disposable  uoaont  func¬ 
tion,  yot,  owing  to  this  gear's  simple  design  it  is  useful 
for  practical  applications. 


Pig. 5  .lie  courses  of  tho  Ciiaogoa  of  disposable  moments 
In  tho  sc  looted  turning  gears,  with  tho  oondition 
(3)  satisfied. 


784 


.  . .  J  1  • 

.-’•U.-..-  of  . 

1  i  .<.>■>-•  •  i  >•  - 

t  .  «S  —  •*  >  V  -1  \ ' 

■  :i-  z  -  '■>  ie t  >i 

Mi  o  tlyo.-.c  jou.-a.!-. 

lx  .r  L  ior  *  »•->.  j  oV» 

.  1.1  i.:  :.y  .  <•  a.  11; 

i  •  go  n  geometric 

’.iraijv  lo.\.  .an.wiig 
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)  r  V<  :• j  g._  r  to  to 

provide  tue  vohieii 

the  possibility  of 

t’ur..\.»vj  dtliii 

’ill.".  ^  f  ^  t  ..yj;; 

1>)  t>  »'h  of  lh."  j  -.iri  oust  provide  the  .viue  e lumen tury  for'.t 
•-  to  j f  do  .p  the  cyii  iders  .if  different  dittos  iol 

;t t ro.to  (.•  .aulion  3,  Fie. 5). 


it  follo’ii  f r*on  Fig. 5  tliat  for  the  vehicle's  turiing  mjiea 
Ifl  >  ~  th  •1  i  a,>oa.i’.i! e  moment  s  of  -  •  .ra  (e)  ,  (il)  md  (f).i  ivc 


ji  a  wi'  ,)3i'jui-tc 

coupi L in t  •  .  ith  the  eiu.r  to  Lei-  of 

the  ho  :ov«-r,  t 


••a,  the  rising 
the  d  i.  spoa.i  bl.- 
h.*  ehir-ioter  of 


e.t;  roe 
motion  t 
the 


changes  of  the  <1  hie  aoaanta  in  the  goers  does  not  aho  / 

easonti.il  differences. 
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The  selection  of  optimum  geometry  with  the  uao  of  nultlori  - 
tcrion  optimisation  principles  [3J  will  ho  proposed  on  tho 
basis  of  tho  cotasonly  used  turning  mechanism  Fig.  .1 »  . 

Tho  perform.. nee  requirements  of  turning  gears  presonted  pre¬ 
viously  represent  the  purpose  functions  criteria  possible 
to  ho  considered.  !\#o  of  then  hove  been  selected: 

-  maximization  of  the  disposable  moment  M.(f)  of  a  turning 
gear, 

-  maximize  tion  of  the  angles  of  purchos  Hf  «  • 

Tile  selection  of  the  above  criteria  lias  boon  determined  by 
the  fact,  that  they  -ire  the  major  indicator*  affecting  tho 
fact,  that  they  are  the  major  indicators  iffoctlng  the  per  - 
fomanco  reliability  and  durability  of  turning  genre.  Other 
criteria  for#  carried  into  constraints.  Maximization,  thus, 
couoema  M.(f)  ;  the  angle  of  purolutse  ft  -.trim  found  to  so  - 
tlsfy  the  Inequality  I **'>*gr  ''*orc  ►'gr  tSao  arbitrary  lo 

rer  limit*  0,3  rad  /as  assumed  as  an  initial  p—  then  inoroased 
in  steps  up  to  1  rod,  according  to  equatuion  n)  the  aaxl  - 
uiz’tlon  of  a  disposable  turning  moment  M.ff)  is  equiv'lent 
to  the  uaximiz-i t io.i  of  tho,  so  called,  equivalent  arm 
h#(x,  ),dt,  f )  of  turning  forooa.  ho,  the  solution  of  the  fol¬ 
io  .1  ig  problem  Is  sought: 

s.*,<,4  |fs%*« 
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*  32  kMU;  «?■  0,96  ,  P,^  *  100. 102 3  kX/rn2 i  Pm*0  ; 


*  0,06  •?/•  ;  the  limit  time  of  tho  vshiols's  turning 
tgg.  ■  }t  ,  disposable  stroke  of  turning  cylinder  S*0,56m; 
the  so  called  dssd  length  of  turning  oy Under  *0,464  s, 


0*0,1  ■;  dt*O,05  s,  Olsgrsm  6  presents  the  set  of  polpop  - 

timun  points  of  two-oritsrion  problsu(  mesial  set  loti  of  the 
equivalent  arm  he  and  the  angle  of  purchase  pB). 

It  follows  from  the  relation  ll"*  and  J®1  that  the  lowering  of 
the  function  from  the  mil  nr  "value  *  results  in  the  In  - 
o reuse  of  the  angle  of  pnrohnse  u  .  Beoause  of  It,  a  de  - 
signer  may  resign  of  the  solution*obtalned  for  the  sitlw 
value  of  the  function  ( h#*0,577  n;  p,  a  Lf)  for  the  sake 
of  another  polyoptlmun  solution. 


CONCLUSIONS 


The  oonduo  ted  considerations  made  It  possible  te  o boose  four 
eolutlons  from  the  set  of  the  obtained  structural  solutions 
of  lever  turning  gears.  It  oan  be  stated,  besides ,  that  the 
simplest  solution  (a)  is  reo nun ends bio  for  the  articulated 


vehloles  with 


turning  angles 


l'-*l 


»  for 


l<  J- 

buoket  leaders.  One  of  the  solutions  (o)  ,  (d)  or  (f)b*****r, 
should  be  applied  for  the  machines  with  naslamm  turning  angle 
|  f _ j  >  for  example,  sore  per,  te  avoid  the  so  called  dead 

iters. 


The  optimised  oeavutation  results  indicate  that  (a) quadrangle 
whose  vertices  are  mounting  points  for  turning  cylinders 
should  be  a  trapeaold  with  marked  difference  In  the  bases  . 
The  particular  proportions  of  the  trapeuold  sides  are  depen¬ 
dent  on  machine  and  turning  cylinder  design  parameters. 
Turning  gear  shaped  In  this  may  ensures  considerable  angles 
of  purchase  determining  the  correctness  of  operation  and  life 
Alee,  with  the  indispensable  asm  eat  twisting  the  machine's 
members  ensured,  it  minimi  see  the  absorbing  oapaolty  of 
turning  cylinders  necessary  tc  provide  steerability  te  the 
machine,  which,  consequently ,  leads  tc  nlninlaing  the  power 
of  this  gear. 
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Study  on  Controllability  and  Stability 
of  High  Speed  Tracked  Vehicles 

F.  Eiyo  and  M.  Kitano 

Dept  of  Mechanical  Engineering,  The  Nationel  Defense  Academy 
Yokosuka  Kanagawa,  Japan 


1.  INTRODUCTION 


-V 

Numerous  studies  on  mobility  of  tracked  vehicles  such  as 
bulldozer  and  crawler  tracters  have  been  performed. 

The  stationary  turning  sntions  of  these  vehicles  have  been 
reported  recently.  Most  of  these  studies  have  been  concerned 
with  traf f icability  and  traction  mechanics  in  vehicle  terrain 
interaction  because  these  vehicles  are  used  mainly  in  off-road 
motion  at  low  speeds.  However,  there  has  not  been  any 
reported  studies  dealing  with  the  controllability  and  stability 
of  vehicles  at  high  speeds,  f-*- - - — - - - - 

In  recent  years ,  the  tracked  vehicle  has  been  widely  used 
in  the  field  of  transportation,  and  in  particularly,  leisure 
and  military  purposes  in  snow  covered  terrain.  The  need  for 
these  vehicles  to  develop  improved  agility  and  mobility  in 
addition  to  off-road  crossing  capabilities  is  indeed  evident. 
The  recent  development  of  a  military  tracked  vehicle  which  can 
run  at  a  speed  of  80-90ka/h  testifies  to  the  importance  of  the 
proceeding  issue. 

With  advancement  of  these  developments,  accidents  have 
increased  because  of  the  problem  of  steerability  such  as 
oversteering  end  steering  response  delay  of  tracked  vehicles. 
These  accidents  often  occur  wnen  the  vehicles  are  operated 
at  a  high  speed  on  level  ground  and  at  a  relative  high  speed 
on  downward  slopes. 

It  is  essential  not  only  to  analyze  soft  off-road  crossing 
capabilities,  as  in  the  past,  but  also  to  analyze  the  steering 
dynamics,  controllability  and  stability  of  the  vehicles  at 
high  running  speeds. 

In  previous  papers,  we  have  presented  a  computer  simulation 
model  of  steerability  of  tracked  vehicles  during  uniform  turn 
on  firm  level  ground,  and  have  experimentally  verified  the 
validity  of  the  model  with  real  vehicles  and  scale  models. 

This  paper  presents  a  theoretical  analysis  of 
non-stationary  motion  such  as  J- turning ,  for  tracked  vehicles 
on  level,  hard  ground.  The  characteristics  of  steering  motion 
of  the  tracked  vehicle  has  been  examined  with  respect  to 
changes  in  : 

(e)  position  of  the  center  of  gravity  (forward  or  backward 
from  the  centerline) 


(b)  adhesion  coefficient  of  the  contact  area  of  Jfche  tracks 
as  influenced  by  the  ground  condition 

As  a  result,  the  fundamental  parameters  which  Influence 
the  controllability  and  stability  of  the  vehicle  at  high  speed 
operations  can  be  determined. 


2.  EQUATIONS  OF  NON-STATIONARY  TURNING  MOTION 


Flg.l  show*  che  two  coordinate  ayateas  used  to  descrive 
vehicle  turning  motion.  The  X.  Y,  Z  coordinate  system  is 
fixed  on  level  ground,  and  its  origin  coincides  with  the 
geometric  center  of  the  vehicle  at  time  zero.  The  origin  of 
axes  for  the  x.  y.  z  coordinate  system  is  fixed  on  the 
geometric  center  of  the  tracked  vehicle. 

The  motion  of  a  trackad  vehicla  will  be  analyzed  with  che 
following  assumptions 

(1)  The  vehicla  la  geometrically  symmetric  with  respect  to 
the  x-z  and  y-z  planes. 

(2)  The  motion  of  a  vehicle  has  7-degrees  of  freedom  about 
x  and  y  axes,  yawing,  rolling,  pitching,  and  movements  in 
both  tracks . 

(3)  The  vehicla  has  independent  suspensions  with  identical 
spring  rates,  with  n-roed  wheals  arranged  in  tandem  on  each 
side  of  cha  hull  (vehicla  body). 

(4)  Frictional  forces  between  ground  and  track  are  isotropic 
in  nature,  and  the  adhesion  coefficient  is  varied  by  the 
crack  slip  ratio  S. 

The  adhesion  coefficient  can  be  approximately  expressed  as 
follows  : 

\*  - 14  <  i  s  ) 

where  |4  is  che  eMximms  adhesion  coefficient,  and  K  is  an 
experiSMntal  constant. 

(5)  The  distribution  of  the  weight  of  the  vehicle  is  concent¬ 
rated  under  each  wheel. 

(6)  Aerodynamic  forces  against  turning  maneuvers  of  the  vehicle 
are  neglected. 


Fig. 1  Coordinate  System  for  Tracked  Vehicle 
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Considering  the  load  changes  in  the  interface  between 
tracks  and  ground  due  to  the  track  tensions,  the  equations  of 
motion  are  obtained  from  the  equilibrium  of  the  inertia  forces 
acting  on  the  geometric  center  of  the  vehicle,  the  frictional 
forces  generated  on  each  track,  and  the  moments  about  x.y  and 
z  axes . 


-<n,  +  h2) 

»•! j -  I 

f.V  m.a„n\iiCwf  STsin^) 

4  R(  -  Rj)  ~m( airS,  -  ng,hym ) 

Iyd  rn.a*,(  I)hpcosd4S11sind)  Dgd-K*d 

*1-1  i-ij-i  *  n  1 


Nomenclatures  are  shown  in  Table  1. 

3.  RESULTS  OF  SIMULATION 


Experience  gained  from  previous  studies  on  the  turning 
motion  of  the  tracked  vehicles  shows  that  the  steering 
performance  of  vehicles  depends  to  a  large  degree  on  the 
vehicle  speed,  terraln-vehlcle  interaction,  and  location  of 
the  center  of  gravity  of  the  vehicle. 

The  equations  of  motion  were  numerically  solved  with  the 
aid  of  the  Runge-Kutta-Glll  method,  using  a  digital  computer. 
From  the  results  obtained,  the  fundamental  parameters  directly 
affecting,  the  non-stat ionary  turning  motion  of  the  vehicle 
such  as  transient  response  and  stability  were  clarified. 

Both  track  velocities  as  shown  in  Fig. 2  are  used  as  the 
steering  Inputs  (independent  variables)  for  the  calculation. 
The  trajectories,  side  slip  angle fi  and  course  angle  rate  y 
were  obtained  as  the  outputs. 

The  specifications  of  the  tracked  vehicle  which  was  used 
for  numerical  analysis  are  shown  in  Table  2. 
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Fig. 2  Change  of  Track  Speed 


Table  2  Specif lcadona  of  Che  Tracked  Vehicle 


m  38000  kg 

lx  4.57  X  10*  kgrf 

a,  35000  kg 

ly  1 . 10  X  l<f  kgrf 

L  4.0b 

lx  1.15  X  10*  kga* 

B  2.63  b 

1.50  X  id*  Ma/rad 

H  1.09  a 

Dr  5.93  X  id*  Ma» /rad 

Of  23* 

•  1.04  X  10*  Ma/rad 

6,  26* 

Df  7.06  X  id  Maa /rad 
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3.1  Effects  of  vehicle  speeds  on  steerability 

The  effects  of  vehicle  speeds  on  turning  motion  such  as 
J-turn  trajectories  and  side  slip  angle have  been  investi¬ 
gated  In  this  analysis,  as  a  general  condition,  the  center 
of  gravity  is  located  at  the  geometric  center  of  the  hull,  and 
the  maximum  adhesion  coefficient  of  the  track-ground  contact 
area  has  been  taken  as  0.6. 

Fig. 3  shows  the  trajectories  of  the  barycenter  of  the 
vehicle  at  various  initial  forward  speeds.  The  arrows  on  the 
trajectory  of  motion  indicate  the  posture  of  the  longitudinal 
axis  of  the  vehicle,  after  steering  input  has  been  given, 
at  two-second  intervals. 

Fig. 4  shows  the  side  slip  angle fi  at  the  center  of  gravity 
with  respect  to  the  time  period  under  the  same  condition  as 
Fig. 3. 

It  is  found  from  the  examination  of  Fig. 3  and  Fig. 4  that 
the  stable  steering  characteristics  of  the  tracked  vehicle 
tends  to  become  unstable  rapidly  at  a  critical  forward  speed. 
For  instance,  at  a  relative  lower  speed  of  Vo-5m/s  (18km/h), 
the  vehicle  is  able  to  turn  in  a  stable  state,  and  the  side 
slip  angle  of  the  center  of  gravity  is  damped  to  a  small 
steady  value  in  a  period  of  about  one  second  after  steering. 

On  the  other  hand,  at  a  vehicle  speed  of  7.5m/s  (27km/h)  ,  the 
trajectories  of  the  vehicle  spirals  Inwards  with  time,  and 
radius  of  curvature  decreases  rapidly  in  about  four  seconds 
after  steering.  In  this  period,  the  side  slip  angle  increases 
very  rapidly  to  more  chan  thirty  degrees.  This  tendency  is 
intensified  as  vehicle  speed  increases.  It  is  clear  from  the 
theoretical  simulations  that  a  stability-instability  conversion 
speed  exists  between  Sm/s  and  7.5m/s  in  this  case. 

It  should  be  noted  that  (a)  the  tracked  vehicle  exhibits 
unstable  maneuver  even  in  a  relatively  low  vehicle  speed  range 
when  the  vehicle  is  steered  transiently,  and  (b)  the  tracked 
vehicle  is  inferior  to  a  wheeled  vehicle  in  regard  to  the 
response  to  steering  motion. 


3.2  Influence  of  terrain  factors  of  track-ground  interface 

Fig. 5  and  Fig. 6  show  the  turning  trajectories  and  course 
angle  rate f  on  the  geometric  center  of  the  vehicle,  at  a 
vehicle  speed  of  5m/s  for  various  values  of  frictional  force 
generated  between  the  track  and  ground.  For  this  case,  it  is 
considered  that  the  center  of  gravity  coincides  with  the 
geometric  center  of  the  hull. 

The  maximum  adhesion  coefficient  14  adopted  in  the  calcu¬ 
lations  have  been  assumed  to  correspond  to  following  ground 
conditions  .-  (1)  14 -0.1;  icy  surface,  (2)  -0.3;  some  gravel 

on  the  paved  road,  (3)  I4-O  6;  hard  soil  and  paved  road, 

(4)  I!  -1.0;  with  spikas  on  hard  soil  and  pavement. 

ft  is  apparent  from  these  results  that  when  adhesion 
coefficients  are  large,  e  g.  (4*0.6  and  1.0,  (a)  the  trajec¬ 
tories  are  close  to  each  other,  (b)  the  side  slip  angle  of 
the  vehicle  is  very  small,  and  (c)  the  vehicle  exhibits  a 
stable  turning  maneuver. 


Fig. 4  Efface*  t  *  Vehicle  Speeds  on  Side  Slip  Angle 
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Fig. 6  Influence  of  Adhesion  Coefficient  on  Course  Angle  Rets 


On  the  other  hand,  the  smaller  the  adhesion  coefficient  Is, 
the  longer  is  the  "settling  time"  of  the  course  angle  rate. 

For  instance,  at  U-0  3.  tfie  vehicle  undergoes  a  spiral  turning 
maneuver  in  about  four  seconds  after  steering.  The  vehicle 
exhibits  a  strong  nose- in  posture  and  side  slip  angle 
increases  rapidly.  This  tendency  becomes  dramatic  especially 
when  the  frictional  force  of  track  contact  area  decreases. 

It  should  be  pointed  out  that  the  controllability  and 
stability  of  the  tracked  vehicle  are  greatly  affected  by 
frictional  forces  at  the  track-ground  Interface  and  vehicle 
forward  speed. 


3.3  Influence  of  the  position  of  the  center  of  gravity 

This  section  presents  the  steering  performance  of  a  tracked 
vehicle  at  high  speed  when  the  position  of  the  center  of 
gravity  sx>ves  along  the  longitudinal  axis.  The  Inherent 
steering  characteristics  of  a  tracked  vehicle  are  essentially 
different  from  these  of  a  wheeled  vehicle. 

(1)  Steering  performance  when  center  of  gravity  is  located 
forward 

Fig. 7  shows  several  steering  trajectories  when  the  center 
of  gravity  is  located  at  10Z  (or  the  track  contact  length  L) 
forward  from  the  geometric  center  of  the  vehicle. 

Fig. 8  shows  the  changes  of  course  angle  rate  with  respect 
to  the  period  after  steering. 

It  is  clearly  seen  on  comparing  Fig. 3  with  Fig. 7  that  the 
steering  performance  of  a  tracked  vehicle  is  strongly  effected 
by  the  terrain  factor  of  the  track-ground  interface  when  the 
center  of  gravity  moves  to  forward  position.  For  Instance, 
at  )4 "10,  the  vehicle  exhibits  a  good  response  and  a  stable 
turning  maneuver  for  transient  steering  Inputs.  However, 
at  |4  -0.6,  it  shows  e  delayed  response  for  steering,  and  after 
a  certain  time,  it  gradually  exhibits  a  spiral  turning  maneuver. 
For  less  than  |4"0. 3.  it  might  be  difficult  to  maintain  the 
course  of  the  tracked  vehicle. 

(2)  Steering  performance  when  center  of  gravity  is  located 
backward 

Fig. 9  shows  turning  trajectories  when  the  center  of  gravity 
is  located  at  0 . 1L  backward  from  the  geoswtric  center  of  the 
vehicle.  The  course  angle  ratej^  in  this  case  is  shown  in 
Fig. 10. 

As  is  evident  from  both  Figures,  a  tracked  vehicle  will 
turn  stably  without  spinning  motion  even  if  the  frictional 
force  of  the  track  contact  area  reduces  to  small  values  when 
the  center  of  gravity  snves  backward. 

A  comparison  of  Fig. 3, 7  with  Fig. 9  shows  that  the  turning 
radii  of  the  final  steady  states  are  larger  than  those  obtained 
in  the  ease  of  the  forward  barycenter. 

Understeer  characteristics  are  clearly  demonstrated.  With 
decreasing  adhesion  force  of  tracks,  the  characteristics  of 
the  vehicle  transient  response  becomes  worse.  In  contrast, 
stable  turning  motions  are  obtained  for  four  adhesion  factors 
at  a  speed  of  3a^s. 
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As  mentioned  above,  it  is  shown  that  the  vehicle  transient 
response  to  steering  inputs  is  essentially  Influenced  by  the 
position  of  the  center  of  gravity.  These  inherent  characte¬ 
ristics  of  a  tracked  vehicle  can  be  explained  by  considering 
the  equilibrium  of  the  moments  about  the  z  axis. 

As  shown  in  Fig. 11,  in  the  case  of  the  forward  barycenter, 
the  weight  distribution  of  the  track  contact  area  becomes 
lighter  backward  position.  Hence,  the  turning  resistance 
moment  generated  by  the  lateral  frictional  force  at  the  track 
ground  interface  will  not  be  able  to  balance  the  turning 
moment  applied  to  the  vehicle  by  Inertia  forces.  The  vehicle 
can  easily  turn  itself  at  small  turning  radii. 

On  the  other  hand,  in  the  case  of  a  backward  barycenter, 
the  sielght  distribution  of  the  crack  contact  area  increases 
along  the  distance  from  the  front.  The  turning  resistance 

will  consequently  increase  with  respect  to  the  turning  moments 
from  the  inertia  force. 


A.  CONCLUSION 


As  a  result  of  the  theoretical  analysis ,  the  following 
steering  characteristics  of  a  tracked  vehicle  are  evident  : 

(1)  There  is  a  critical  speed  at  which  the  turning  maneuver 
of  a  tracked  vehicle  changes  from  stability  to  instability 
with  transient  steer  Inputs  at  high  speeds. 

(2)  The  controllability  and  stability  of  a  tracked  vehicle 
under  transient  steering  Inputs  are  significantly  influenced 
by  the  terrain  factors  at  the  track  ground  Interface  e.g. 

adhesion  coefficient  and  load  distribution.  \ 

(3)  The  steerability  of  the  vehicle  is  affected  strongly  by 

the  locations  of  the  center  of  gravity.  In  the  case  of  the  | 

forward  barycenter,  a  large  laprovesMnt  in  steering  responses 
is  gained  at  higher  track  adhesion  forces.  The  vehicle  j 

becomes  unstable  at  lower  adhesion  forces.  In  the  case  of  | 

the  backward  barycenter,  the  vehicle  exhibits  understeer  J 

characteristics  and  stable  turns  for  all  terrain  factors.  I 


I 


801 


Table  1  Nomenclature 


D 

kg 

mass  of  vehicle 

m. 

kg 

spring  mass  of  vehicle 

L 

m 

track  contact  length 

B 

a 

width  of  each  track 

H 

m 

height  of  center  of  gravity 

Dhr 

m 

distance  between  geometric  center  and  roll 
axis  of  a  vehicle 

Dhp 

m 

distance  between  geometric  center  and  pitch 
axis  of  a  vehicle 

Vo 

m/s 

initial  forward  speed 

n 

number  of  road  wheel  in  each  side 

B  C. 

body  center  of  a  vehicle 

C.C. 

center  of  gravity  of  a  vehicle 

Sx 

m 

variation  of  C.G  from  geometric  center  in 
x  axle 

Sy 

a 

variation  of  C.C  from  geometric  center  In 
y  axis 

Sym 

m 

lateral  displacement  of  C.C  by  the  rolling 

agx 

w/tf 

longitudinal  component  of  acceleration  at  C.G 

«gy 

m// 

lateral  component  of  acceleration  at  C.C 

Ke 

Ha/ rad 

spring  stiffness  on  rolling 

Nm/ rad 

spring  stiffness  on  pitching 

De 

Nms/rad  damping  constant  on  rolling 

I V 

NBa/rad  damping  constant  on  pitching 

I  * 

I* 

kga* 

kgm* 

sxxsent  of  Inertia  about  x  axis  of  a  vehicle 

moswnt  of  inertia  about  y  axis  of  a  vehicle 

Iz 

kga* 

moment  of  inertia  about  z  axis  of  a  vehicle 

QxlJ 

kg 

longitudinal  component  of  frictional  force 
of  track  under  (1-J)  road  wheel 

QyiJ 

kg 

lateral  component  of  frictional  force  of 
track  under  (1-J)  road  wheel 

kg 

rolling  resistance 
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D 

m 

displacement  of  plvottlng  point  of  a  vehicle 

0 

rad 

yaw  angle 

f 

rad 

roll  angle 

9 

rad 

pitch  angle 

9 

rad 

course  angle  of  B.C. 

Of 

rad 

entry  angle  of  track 

Or 

rad 

departure  angle  of  track 

1 

subscript  i-th  road  wheel 

J 

subscript  inner  J«l,  outer  j-2 
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FORCES  ON  UNTrt-.iVEN,  ANGLED  WHEELS 


M.  NCMUOTER 

NIAE,  SILSOE,  BEDFORD,  QK3JM) 


i  anew: 

Rolling  resistance  and  starring  forces  wars  aaaaured  an  six  tyres  In  a 
variety  of  field  oenditione.  The  tlx  tyrea  covered  the  range  of  tread 
pattern  and  loade  that  are  currently  in  uee  in  agriculture  on  tractor 
front  tteals,  isplaaenta  and  trmilara.  Tractor  rear  tyre  sixes  and 
drlwn  wheels  were  not  ueed  for  thie  work.  A  correlation  was  found 
between  coefficient  of  rolling  resistance  and  aobility  rasfcer.  */ 
Exponential  curves  ware  fittad  to  the  coefficient  of  aide  force  -  slip 
angle  relationship  and  a  oorralaticn  was  found  between  the  constants  of 
the  curves  and  aobility  mater.  The  use  of  an  alternative  aobility 


The  statist  Inal  analysis  detected  differences  due  to  tread  pattern,  load 
and  construction  of  the  tyres,  end  showed  a  mil ti -ribbed  l^plesant  tread 
patterned  radial  tyre  to  he  advmlageoua  over  any  other  tyre  tasted  at 

aaall  steer  angles. 


i.  mncpucncH 

Peoeuee  of  increased  ooncem  far  safety  in  agriculture,  problem  of 
stability  of  tractors  aid  txactcaMeylasant  ooeblnatlcna,  and  of  working 
an  side  slopes  have  beocae  am  lapoctant.  These  problem  have 
increased  bananas  of  the  trend  towards  increased  agricultural  production 
resulting  in  an  increase  In  tha  aisa  and  speed  of  agricultural  machines . 
This  has  dmonatratad  the  lack  of  knowledge  an  handling  characteristics 
of  agricultural  eachlnes  and  their  side  slops  performance.  This  paper 
reports  tha  results  of  work  on  side  force  aeesurmants  on  tyres  in  field 
oenditione  end  attavla  to  relate  the  torom  obtained  to  tyre  and  soil 


8am  previous  work  which  has  bean  carried  out  an  this  subject,  consisted 
aalnly  at  amplified  aoperlaants  using  a  Had  tad  mater  of  tyre  alaaa  and 
load  variations  <  1 , 2) .  the  first  attest  to  nodal  the  forces  involved 
we  parfocnad  by  Taylor  and  Birtwistle^)  who  studied  the  effect  of  angle 
and  caater  on  tteels  fitted  to  disc  ploughs-  They  did  not  (xfcliah  a 
full  prediction  procedure  and  therefore  their  nodal  is  of  limited  value. 
Schwanghert'4*  Investigated  fame  an  angled  wheels  in  a  soil  bin  and 
developed  a  nodal  to  predict  the  lateral  fa roes  only.  This  has  proved 
to  be  vary  complicated  and  not  assy  to  apply  in  practice.  This  line  of 
approach  was  also  taken  by  Grsoanko($)  but  hie  analysis  was  also  not 
easy  to  apply.  A  recant  study  Into  lateral  faroas  an  pnsuaatic  tyres  by 
Dal  tosario'*'  attempted  a  soil  aachanlcs  baaed  analysis.  He  arrived  at 
a  very  ocapliceted  prediction  procedure  which  is  of  limited  value. 

Bpanoar  has  been  looking  Into  stability  pmhlaaa  an  slopes  far  a  long 
tiee'7'8'  but  he  has  been  hearer  art  by  a  lack  of  research  on  side  forces 
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on  agricultural  wheels .  He  carried  out  sane  brief  experiments  using  one 
size  of  tyre  an  two  amend  conditions  in  order  to  obtain  guidelines  far 
stability  criteria *2).  a  good  sunnary  of  past  results  is  given  by  Crolla 
and  Hales  M  who  consented  on  the  requirement  for  data  from  a  wide  range 
of  conditions. 

Recent  work  performed  by  Gee -Clough  and  Scraner^1^  included  previous  work 
by  the  author < 1 1 >  and  produced  a  model  for  all  the  forces  on  a  wheel, 
this  work  was  carriedjout  under  laboratory  conditions  and  ueed  a  dimen¬ 
sional  analysis  approach.  The  agrament  between  measured  and  predicted 
values  was  fowl  to  be  very  good  in  the  soil  bln  using  a  limited  ruber  of 
wheels. 

This  paper  has  attempted  the  same  line  of  analysis  using  field  results 
gathered  over  the  last  three  years. 

2.  tmggmgnL  pgogpgg 

curing  the  autism  and  winter  months,  experiments  to  measure  the  forces  on 
towed  angled  wheels  were  performed  in  38  normal  agricultural  field  ccrrii- 
tions  using  the  NIAE  rolling  resistance  rig<12> .  The  experiments  were 
planned  to  enable  the  effects  of  load,  carcass  construction  and  tread 
pattern  to  be  established.  Every  experiment  was  not  performed  In  every 
field  condition.  The  individual  experiments,  which  took  one  day  each, 
were: 

Expt.  i  two  7.50-16  tyres  with  different  tread  patterns  at  the  same  lcxwi 
and  inflation  pressure,  and  also  one  of  the  tyres  at  a  higher 
load  and  inflation  pressure. 

Expt.  2  Two  tyres  of  size  12.0-18  and  similar  tread  pattern,  one  cross- 
ply  and  one  radial  ply  construction,  at  the  asms  load  and  infla¬ 
tion  pressure  and  also  the  radial  tyre  at  a  lower  load  and 
inflation  pressure. 

Expt .  3  Three  12.0-18  tyres  at  the  same  load  and  inflation  pressure. 

One  tyre  as  an  lay]  nit  sulti-rifcbed  tread  pattern,  IR2,  the 
others  a  R4  traction  tread  pattern,  ana  used  in  normal  conven¬ 
tional  traction  direction  (Forward  tread) ,  the  other  in  the 
reverse  direction  (Backward  tread) . 

Tyre  dimensions,  loads  and  inflation  pressures  are  shown  in  Table  1 ;  all 
tyres  were  inflated  to  sanufacturers  reoossmndsl  ions  for  the  load  carried. 

All  the  wheels  were  tasted  at  a  speed  of  1  a/s  and  at  slip  angles  of 
0,  5,  10,  IS,  20,  30,  40  degress  to  the  direction  of  travel.  Bach  test 
consisted  of  three  20  a  nets  at  each  slip  angle,  the  results  of  which  ware 
averaged  and  gave,  after  analysis,  all  the  farces  an  the  *msl.  Soil 
parameters  ware  measured  ooncurxsntly  with  each  experiment  ao  that 
relationships  Mu  the  forces  an  the  wheel  and  soil  conditions  could  be 
investigated.  These  pant  are  include  mechanical  analysis,  moisture 
content,  plastic  limit,  soil  bulk  density,  cone  intec  and  in  the  later 
fields  soil/soil  friction  angle  and  cohesion. 
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LIST  or  SYM0U5 


CSFW  max. 


cone  index,  kPa 

the  coefficient  of  rolling  resistance  in  the  plane  of  the 
wheel 

the  coefficient  of  rolling  resistance  at  zero  slip  angle 

the  coefficient  of  aide  force  perpendicular  to  the  plane  of 
the  wheel 

waxliaai  value  of  coefficient  of  aide  force  perpendicular  to 
the  plane  of  the  ttoael 

Drag  force  in  direction  at  action,  kN 

mobility  number  as  defined  by  equation  6 

w 

CRRmd 

side  force  p«rpe«llniUr  to  the  direction  of  notion,  kN 

vertical  load  an  the  tdieel,  kN 

tyre  width,  ■ 

soil  cohesion,  kPa 

tyre  diameter,  m 

section  height,  m 

rate  constant  ( indicates  the  rate  of  change  of  CSFW  with 
angle) 

slope  of  CRN*  vs  slip  angle  relationship 
exponent  of  friction  angle 
tyre  deflection  under  load,  m 

slip  angle,  rads,  (angle  between  the  wheel  and  the  direction 
of  travel) 

so 11 /soil  friction  angle,  rads, 
mobility  meter  ae  defined  by  equation  7 


4.  ANALYSIS 


In  order  to  sake  caparisons  betwes 
were  calculated  from  the  results. 

CRN*  ■  D  cos  9  -  S  sin  9 

N  S 

CSFW  ■  D  sin  9  ♦  S  oos  9 

9  R 


tyres  the  following  coefficients 


...  (2) 


The  relationship  between  CRHw  and  slip  angle  resulted  in  the  linear 
expression 


CRRw 


m.  0  ♦  CRRwd 


(3) 


A  large  mount  of  scatter  mm  present  especially  at  the  higher  slip 
angles.  As  shown  by  Gee-Clou^  and  Scswer the  values  of  CRfto  at 
angles  greater  than  20*  oould  be  neglected  for  practical  consideration 
and  this  reduces  nuch  of  the  scatter. 

the  relationship  between  CSFV  and  slip  angle  mbs  found  to  be  accurately 
ilnsrrlhari  by  the  expression: 

CSFV  «  A(1  -  e"*®)  ...  (4) 


the  constant  A  is  the  asysptotic  value  of  the  expression  and  indicates 
the  sexism  CSFV  obtained  by  the  wheel  (CSFV  aex.) .  A  differentiation 
of  the  express  ten  gives  the  gradient  of  the  CSFV  vs  slip  angle  relation¬ 
ship  at  zero  slip  angle  and  gives  the  result: 

d(CSFV)  -  k.CSFW  eax.  at  «  ■  0C  .  .  .  (5) 

The  results  are  presented  in  the  fore  of  CTSbo  (Measured) ,  CMWo  and  n 
(free  linear  regression) ,  CSFV  aex.  and  k.CSFW  aex.  free  the  curve  fit. 

In  the  previous  report  on  this  work*11*  nobility  ruder  wm  used  to 
predict  the  parfornenoa  of  the  wheels.  This  is  e  non-dlnenelone)  ruder 
given  by  the  equation: 


ft 


which  has  also  bean  uead  for  predicting  the  tractive  perfornenoe  of 
driven  wheels.  An  alternative  equation  wm  developed  by  Gae-Clough  and 
Soeenr I10*  islng  soil  frictional  values  instead  of  oona  index  values  in 
an  attmpt  to  bqnove  on  the  prediction  procedure.  Their  equation  is: 


-  cbd  IT  I  1  \ 

ttvf  (tt-f) 

'  w 


...  (7) 


where  n  >1.35  (as  used  in  Ref.  10). 


The  value  of  Mobility  n 
of  the  tyres  In  Table  1 


without  soil 


is  given  for  each 


Throu£»ut  the  ezperl Hants  we  found  the  variation  between  fields  paused 
far  greeter  variation  in  the  results  then  the  variation  between  tyros. 

In  the  first  section  therefore  the  t-tast  applied  to  paired  comparisons 
wm  used  to  identify  differences  between  tyres  ee  this  test  takes  eooount 
of  between  field  variability.  The  results  in  taros  of  down  (Measured) , 
CSFV  sex.  and  k.CSFW  nex.  wm  used  to  usees  the  tyro  dlffennoM. 
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5.1  Its  effect  of  load.  Table  2 

Using  the  7.50-16  tyre,  with  the  tractor  steering  wheel  tread  pattern,  no 
■igiif  leant  difference  could  be  detected  between  the  CMVo  at  loads  of  6 
and  10  kN. 

The  12.0-18  tyre  at  two  loads  also  showed  no  statistically  s  igiif  leant 
difference  In  CWVo. 

The  7.50-16  tyre,  gave  an  Increased  value  of  k.CSPV  ease,  when  at  the 
Icwer  vertical  load,  with  no  difference  detected  between  the  values  of 
CSV  MX. 

The  12.0-18  tyre  showed  e  significant  difference  in  both  values,  with 
CSV  max.  and  k.CSPW  eex.  being  Increased  at  the  Icwer  load. 

5.2  The  effect  of  treed  pattern.  Table  3 

TWo  axperlaenta  looked  into  this  effect  by  using  tyres  of  the  see*  else, 
produced  by  the  seen  eanufactuxar,  having  different  tread  patterns. 

The  tractor  steering  wheel  tyre  tread,  showed  e  significant  increase  In 
CRUmo  when  ooapared  to  the  sulti-rib  l^ilnaanl  tread.  As  both  tyres 
had  ncednelly  the  mmm  dleeneione  this  effect  could  only  be  due  to  tread 
pattern. 

When  centering  the  12.0-18  tyres,  while  no  difference  could  be  detected 
between  the  two  ’ W  traction  treads,  used  in  each  direction,  the  multi- 
ribbed  letil  aeent  tread  had  a  slgnifloantly  lower  CSRwo  than  either  of 
thee.  This  effect  demonstrated  thet  the  direction  of  the  traction 
treed  cede  no  difference  to  the  rolling  resistance  of  the  tyre.  The 
difference  of  20H  betiwi  the  traction  t reeds  end  the  t^plMent  tread 
oould  be  due  to  the  increased  penetration  of  the  traction  treads  and  also 
due  to  the  tread  bare  increasing  the  internal  resistance  of  the  tyre. 

The  tractor  steering  wheel  tyre  tread  pattern  gave  e  significant  increase 
in  CST  eex.  ewer  the  larlMant  tyre  with  no  significant  difference  in 
k.car  earn.  This  atoms  that  for  email  angles,  i.e.  if)  to  15*.  there  is 
no  difference  between  the  tyres,  the  treed  pattern  only  effecting  the 
total  side  force  the  tyres  can  withstand. 

In  experiment  3  the  aide  force  results  oan  be  eaeserleed  as  follower 


Forward  m  treed  >  figlemnt  treed 

No  difference  between  forward  *BT  tread  and  faederd  ’M*  treed 
k.Cir  max. 

T^ilamanl  tread  >  forward  M  tread 
TeylMert  treed  >  Bedard  M  tread 
forward  M  tread  >  Backward  M  tread 

This  dMonatratea  that  while  the  M  tread  oan  withstand  •  greater 
side  force,  at  Mall  angles  its  steering  parforaanoe  is  below  that  of  the 
tgleait  tyre. 


5.3  The  effect  of  contraction,  Table  4 

The  redial  ply  tyre  ahowad  redact  lone  in  the  order  of  20%  in  the  value  of 
cneo  compared  to  a  cxoee  ply  tyre. 

The  radial  ply  tyre  had  a  greater  value  of  k.CSFW  eex.  than  the  croee  ply 
tyre  with  no  diffarenoe  between  thee  in  tone  of  COW  eex.  Ae  both  the 
tyiee  had  a  aiadlar  nulti-ribbed  iegpl  — nt  tread  pattern  and  aladJar 
mobility  nuabera  the  difference  beta  wen  thee  can  only  be  a  revolt  of  the 
oonetructlcn  method  uaad. 


6.  PM)icncw  wncos 


6.1  The  coefficient  of  tolling  reeietanoe  (CBM 

As  haa  bean  aeon  in  aacticn  4  tyre  nobility  number  has  been  uaad  to 
predict  the  terfnrmarre  of  wheels.  The  veins  of  CAn  actually  aaasurwrt 
la  Okmi  plotted  against  BCB  in  Pig.  1 .  As  can  be  eean  the  CSAto 
reaulte  for  the  radial  tyrea  are  lower  then  the  croee  ply  results  ed 
therefore  relationships  hetiwan  OMo  and  BCB  have  bean  calculated 
separately.  Thaae  ware  found  to  bet 

CMAo  (measured)  -  .2678  ♦  0.0656  ...  (8) 

nr 

siTUficant  at  the  0.1*  level  for  cross-ply  tyres 

GStao  (wee aural)  *  .2009  ♦  0.0454  ...  (9) 

abpiif  leant  at  the  It  level  for  redial  tyres 

equation  (8)  la  eery  similar  to  the  result  ftxnd  previously*13*  where  the 
aoaqplste  qpectna  of  agricultural  tyre  sissa  (including  the  range  of 
tractor  drive  wheal  tyres)  wee  Included  in  the  analysis  and  gave  the 

relatlonahlp 


-  0.255  ♦  0.0605 


.  .  .  (10) 


Section  4  reported  that  the  relationship  between  CMbr  end  slip  angle  wee 
found  to  be: 

ant*  «  ■  •  ♦  csitao  ...  O) 

Mo  slpilf leant  relatlonahlp  could  toe  found  between  the  ocnetent  •  end 
nobility  ruber  for  any  tyres. 

An  analysis  wee  that  attempted  aiadlar  to  that  of  Qm  Ooufr  and  floewr 
«ho  produced  the  ampreaalon: 

CM*  •  CM too  (1  ♦  M)  ...  (11) 


and  found  the  relationship 


M  and  BCB  to  bat 


Prca  our 


data  the  flttad  curves  were: 


•  1.964  -  5.496  significant  at  1«  level 

ace 


M  ■  0.081  BGB  *  0.S50  significant  at  It  Laval 

for  cross-ply  tyres 

No  significant  relationship  could  be  (end  for  radial  tyres. 


.  (14) 


there  is  a  large  asount  of  scatter  present  indicating  this  par-star  is 
not  related  aa  well  as  the  others.  It  appears  fraa  the  results  that  the 
data  for  scan  tyres  lie  on  their  own  Independent  straight  lines  although 
this  is  not  the  case  with  all  the  tyres. 

It  is  suggested  that  the  scatter  say  ha  due  to  an  aociaailation  of 
Inaccuracies  throughout  the  analysis  of  this  data.  The  Initial  data 
free  the  rolling  resistance  rig  are  of  a  —all  sagnitude  and  oorree 
ponding ly  nay  include  ease  ’round-up'  errors  of  the  raters  involved. 

Also  whan  perforsdng  a  linear  regression  on  the  OBtao  vs  slip  angle 
results ,  the  relatively  few  points,  five,  can  result  In  a  large  error  In 
the  resulting  value  of  slope.  Coupled  to  the—  anon  is  the  problem 
of  field  variability. 


Aa  reported  by  <3—  Clmwjh  and  Senear  the  value  a  is  not,  however,  one  of 
the  critical  para— tars  whan  studying  the  stability  of  a  vehicle . 


6.2  Coefficient  of  aide  fores 

the  values  of  COW  sax.  are  show  plotted  against  BGB  in  rig.  2.  the 
ralatlonahip  found  iai 


-  0.6672  ♦  0.6125 


.  .  .  (15) 


significant  at  St  level  for  croee-ply  tyres 


but  no  significant  relatlcnahlp  could  be  fan)  for  radial  tyres. 


of  k.CSFw  aax.  against  BGB  for  radial  and  croaa  ply  tyres 
in  Fig.  3.  The  relaticnrtilpa  era: 


-  0.0682 


♦  2.3401 


-  4.0194  -  6.8231 


.  .  .  (17) 


both  significant  at  the  0.1%  level  for  cro—  ply  tyres. 


(.  -  0.1612 


♦  2.7915 


V  .  -f?  ."*■  ■  4r 

'  *VS‘ 


•  6.7665  -  19.9433 


both  aigvif leant  at  the  0.1%  level  for  radial  tyres 


8f-7  -  .  iiW/ 
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Gee-Clough  and  Scanner  reported  a  linear  relationship  between  CSFw  max. 
and  BGB  which  was  not  etatlstloally  significant,  and  a  sigiif leant 
relationship  between  k.CSFw  max.  and  BGB.  This  relationship  had  an 
ordinate  value  very  similar  to  equation  16. 

The  horizontal  moment  about  a  vertical  axis  through  the  centre  of  the 
aontect  area  of  the  wheel-restoring  moment  wee  calculated  and  found  to  be 
negligibly  small  In  all  experiments. 

6.3  The  use  of  an  alternative  nobility 

As  shown  by  Gee-Clough  and  Sonssar ,  the  mobility  number  0GB  can  be  used 
to  model  the  peirfnrmnnce  of  a  wheel  In  a  soil  bln  situation.  In  order 
to  test  this  theory  under  field  conditions,  the  frictional  soil  proper¬ 
ties  were  measured  in  the  last  21  fields. 

The  only  significant  relationships  established  ware: 

k.CSFV  max.  -  3.9594  0GB  *  2.7983  significant  at  the 

5«  level  for  cross-ply  tyres  .  .  .  (20) 

k.CSFW  max.  -  9.0952  0GB  ♦  3.1327  significant  at  the 

0.1%  level  for  radial  tyres  .  .  .  (21) 

CKRmo  (from  regression)  »  0.1252  -  0.1496  0CB  significant 

at  the  1%  level  for  cross-ply 

tyres  .  .  .  (22) 

CRfWo  (—(wired)  ■  0.1167  -  0.1178  (BOB  significant  at 

the  5%  level  for  cross-ply  tyres  .  .  .  (23) 

None  of  the  relationships  above  is  as  statistically  significant  aa  those 
found  previously  using  the  nobility  numbers  BOB.  The  reason  for  the 
poor  correlation  of  these  results  onaparad  to  the  findings  of  Gee  Clough 
and  See— r  may  be  due  to  the  method  of  measuring  the  frictional  pcopar- 
tlea.  In  a  soil  bln  the  soil  is  normally  homogeneous  with  depth  as  well 
as  along  the  experimental  run.  The  surface  meant— nt  of  frictional 
properties  is  therefore  a  true  value  throughout  the  eoil.  in  the  field 
situation  this  is  obviously  false  with  the  added  amplication  that  any 
crop  residue.  In  tar—  of  surface  or  root  growth,  will  have  an  effect. 
Nora  detailed  measurements  of  frictional  properties  at  various  depths  In 
the  field  are  nesrted  to  establish  whether  0GB  will  he  as  useful  as  BCB 
In  the  prediction  procedure. 


7.  OCMCUUBICMB 

In  this  section,  the  coefficient  of  rolling  resistance  in  the  direction 
of  the  wheel  at  aero  slip  angle  (CMwo)  is  referred  to  as  the  'coefficient 
of  rolling  resistance*  j  the  sexism  coefficient  of  elds  force  perpen¬ 
dicular  to  the  direction  of  the  wh— 1  (CSFW  aw.)  is  referred  to  as  the 
1  samba ■  coefficient  of  aids  force';  the  slope  of  the  aids  fores  slip 
angle  ouaevm  at  the  origin  (k.CSFW  aw.)  Is  referred  to  as  the  'slope  of 
the  side  fores  curve' . 


Pick  the  diffa 


betwwi  tyres: 


7.1  Increasing  tha  vertical  load  had  no  effect  an  the  'coefficient  of 
rolling  resistance' ,  but  reduced  tha  'slope  of  tha  aide  force  curve' 
significantly  and  reduced  tha  value  of  the  'naxiaun  coefficient  of  aide 
force’ . 


7.2  A  three  rib  tractor  front  tyre  traad  pattern  gave  an  increased 
'coefficient  of  rolling  resistance',  and  an  increased  'naxiaun  coeffic¬ 
ient  of  side  farce'  ocepared  to  a  nulti-rlb  lapl— nt  traad  pattern. 


A  nulti-rlb  iapleaent  traad  pattern  had  a  nuch  lower  'coefficient  of 
rolling  reel  stance' ,  a  lower  value  of  ‘wax  Item  coefficient  of  side 
force',  end  a  hi£iar  value  of  'the  elope  of  the  side  force  curve'  then 
the  M  traction  traad  used  in  either  direction.  No  differences  could 
be  detected  hetman  the  M  traction  treads  used  in  either  direction 
apart  tram  the  'elope  of  tha  aide  force  curve'  Where  the  tread  in  the 
noraatl  traction  direction  gave  e  higher  value  than  whan  used  in  the 
reverse  direction. 


7.3  Mini  construction  reduced  the  'coefficient  of  the  rolling  n 
tanoe*  and  Increased  the  'elope  of  the  aide  Cocoa  curve  compared  to 
czose-ply  construction. 


7.4  A  linear  relationship  was  found  between  tha  coefficient  of  rolling 
resistance  in  the  direction  of  the  wheel  and  slip  angle,  and  an  aaqponsv- 
tial  relationship  was  found  between  the  coefficient  of  side  Cocoa  perpen¬ 
dicular  to  the  direction  of  the  wheel  and  side  Cocoa,  which  ware  identical 
to  those  Couid  in  previous  week. 


7.5  The  restoring 
in  all  SKperleante. 


an  the  wheel  was  Couid  to  be  negligibly  seal] 


7.6  Vary  significant  relationships  were  found  between  ‘the  coefficient 
of  rolling  resistance’ ,  'the  elope  of  the  aide  Cocoa  curve',  and  nobility 
iwnbar  BOB  Cor  cross  ply  tyres  and  radial  tyres  independently.  A  very 
significant  result  wee  found  betiwen  the  gradimtt  of  the  coefficient  of 
rolling  reetetanoe-elip  angle  curve  and  MOB  Cor  tha  cross  ply  tyres  and 
a  significant  result  fowd  between  the  'aexlaui  coefficient  of  aide  Cocoa' 
and  MGB. 


7.7  Ihm  nobility  ruber  MOB  proved  to  be  less  useful  than  tha  nobility 
nuaher  MOB  with  all  relationships  having  a  lower  statistical 
algilfloanoe. 
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Tyre 

7.50-16  Tractor  front 

12.0-18 

radial 

Load 

6 

10 

10 

15 

CRftjo  (measured) 

0.123 

0.121 

0.069 

0.069 

CRRwd  (from  regression) 

0.122 

0.087 

0.090 

0.069 

m  (from  regression) 

0.0  5f 

0.242 

0.091 

0.141 

CSFw  max. 

0.776 

0.764 

0.640 

0.620 

K.CSFW  max. 

4.071 

3.285 

5.049 

3.747 

“  '  -1*'  i^r.  r 


Lin 


Tyre 

12.0-18 

12.0-18 

Construction 

Croea-ply 

Radial 

Load  (kN) 

15 

15 

CRRwo  (measured) 

0.077 

0.067 

CRRmo  (from  regression) 

0.065 

0.067 

m  (from  regression) 

0.096 

0.142 

CSFW  max. 

0.646 

0.623 

k.CSFw  max. 

3.316 

3.796 

FIG.  3  k .CSFw  max.  vs  mobility  nutter  BCB  (Key  to  symbols  Table  1) 
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TURNING  BEHAVIOUR  OF  ARTICULATED  FRAME  STEERING  TRACTOR 


A.  O I DA 

KYOTO  UNIVERSITY,  KYOTO,  JAPAN 


INTRODUCTION 

f 

An  articulated  frame  steering  tractor,  of  which  construction  was  derived 
from  that  of  a  loader,  consists  of  two  parts.  Those  are  a  front  part  with 
a  front  axle  and  a  rear  part  with  a  rear  axle  in  the  case  of  the  wheeled 
tractor.  When  a  steering  handle  rotates,  the  two  parts  bend  with  each 
other  around  a  bending  point  by  elongation  and  shortening  of  a  hydraulic 
cylinder,  of  which  both  ends  are  respectively  attached  on  each  part.  A 
bending  angle  reaches  to  about  38  degrees  in  right  or  left  direction  for  a 
cceeaercial  articulated  tractor  (See  reference  — 

In  general  a  4-wheel-drive  articulated  tractor  has  an  engine  in  the  front 
part  and  a  transmission  in  the  rear  part,  so  that  universal  joints  should 
be  used  to  transailt  the  power  from  the  engine  to  the  transmission  and  from 
the  transmission  to  a  front  differential  gear.  It  has  tires  all  of  a  sire 
and  the  minimum  tread  reaches  to  635  mi  in  a  German  narrow-tread  tractor 
of  12  kw.  So  that  it  can  be  applied  to  works  asratg  narrow  rows  of  an  or¬ 
chard  or  a  wine  farm.  The  weights  of  the  front  and  the  rear  parts  are  al¬ 
most  equal,  so  that  it  makes  an  adequate  contect  pressure. 

Generally  it  has  been  said  that  the  articulated  tractor  has  a  saw  1 1  turn¬ 
ing  radius,  which  makes  a  direction  change  in  small  space  easy,  and  it  has 
less  running  resistance  because  the  front  and  rear  wheels  move  on  the  same 
ruts.  However,  it  would  not  say  in  all  cases  that  the  front  and  rear  whe¬ 
els  run  in  the  same  ruts.  From  the  geoawtrical  analysis  of  a  curve  runn¬ 
ing  of  the  articulated  tractor  Oida  has  shown  that  the  ruts  of  front  and 
rear  wheels  were  different  when  the  bending  point  was  not  located  at  the 
center  of  the  wheel  base  (1). 

Dudzinski  has  analysed  dynamically  the  problems  of  turning  process  of  the 
articulated  vehicle  at  standstill  (2).  In  the  actual  movems n t  of  curve 
running  there  is  an  acceleration  toward  to  the  turning  center,  so  that  a 
centrifugal  force  acta  onto  the  center  of  gravity  of  the  tractor  and  each 
tire  has  a  cornering  force  against  the  centrifugal  force.  It  swans  that 
the  rut  of  wheel  varies  also  by  this  side  slip  caused  by  the  centrifugal  ; 

force,  oida  has  also  analysed  this  turning  behaviour  when  the  articulated  i 

tractor  is  suffe  ed  no  external  force  such  as  a  traction  (31.  ' 

In  this  paper  a  side  slip  phenoawnon  of  the  articulated  tractor  is  dynam-  f 

ically  analysed  for  the  curve  running  in  a  plana  with  an  arbitrary  direct-  i 

ed  traction. 

NOHKMCLATUIU; 


k 

i 


C  i  cornering  force  of  each  tire, 

F  :  tractive  force  of  each  tire, 

1  :  yew  moment  of  inertia  of  the  tractor, 

K'i  slippage  constant  of  traction  curve, 

P  t  external  force  (traction) , 

R  i  rolling  resistance, 

T  i  total  thrust, 

V  i  running  speed  of  the  center  of  gravity  of  the  trsetor. 
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W  :  total  weight  of  the  tractor# 

Wf  :  dynamic  weight  of  the  front  part, 

Wf  :  dynamic  weight  of  the  rear  part, 

W[  :  longitudinal  weight  transfer, 

Awt  :  transverse  weight  transfer, 

a  :  ratio  of  static  weight  of  front  part  to  M, 

b  :  ratio  of  static  weight  of  rear  part  to  M, 

df  :  distance  from  front  tire  center  to  y  axis, 

dh  :  one  half  of  rear  tread, 

dp  :  distance  from  traction  point  to  y  axis, 

dr  :  distance  from  rear  tire  center  to  y  axis, 

dv  :  one  half  of  front  tread, 

h0  :  height  of  the  center  of  gravity, 

hp  :  height  of  traction  point, 

i  :  slippage  of  tractor, 

to  :  initial  slippage  at  no  tractive  force, 
le  :  distance  from  front  axle  center  to  x  axis. 

If  :  distance  from  front  axle  center  to  bending  point, 

1/1  :  distance  from  front  left  tire  center  to  x  axis, 
lfr  :  distance  from  front  right  tire  center  to  x  axis, 
lh  :  distance  from  rear  axle  center  to  x  axis, 
lp  :  distance  from  traction  point  to  x  axis, 
lr  :  distance  from  rear  axle  center  to  bending  point, 
lrl  :  distance  from  rear  left  tire  center  to  x  axis, 
lrr  :  distance  from  rear  right  tire  center  to  x  axis, 

1‘  :  distance  between  front  and  rear  axle  centers, 
m  :  mass  of  tractor  including  a  driver, 

Pd  :  distance  from  traction  point  to  rear  axle  center, 
r  s  yaw  angular  velocity  around  the  center  of  gravity, 
t  i  time, 

a  i  deviating  angle  of  rear  part  center  line  to  y  axis, 

8  s  side  slip  angle. 

Bo  <  side  slip  angle  constant, 

y  i  deviating  angle  of  front  part  center  line  to  y  axis, 

S  :  bending  angle, 

8  :  traction  angle  (ie.  angle  between  the  traction  and  the  centerline  of 
rear  part) , 

U  i  tractive  coefficient  or  frictional  coefficient, 
p  :  coefficient  of  rolling  resistance. 

Suffix  f  i  front, 

Suffix  1  t  left, 

Suffix  r  i  rear  or  right. 

Suffix  1  >  left, 

Suffix  2  :  right. 


ECU  AT  IOM  or  MOTION  ST  XUHKIWC  OH  A  OUtVE 

Different  from  a  standard  tractor,  the  center  of  gravity  of  the  articula¬ 
ted  tractor  moves  its  position  according  to  the  bending  angle.  In  the  case 
of  tested  tractor,  of  which  detail  is  mentioned  later,  the  center  of  grav¬ 
ity  of  the  front  part  and  that  of  the  rear  part  are  located  closely  at  the 
centers  of  the  axles  respectively,  that  was  confirmed  experimentally,  in 
order  to  reduce  the  vertical  force  onto  the  bending  point. 

Therefore  a  x-y  coordinate  system,  of  which  origin  is  located  on  the  cen¬ 
ter  of  gravity  on  a  line  connected  both  centers  of  axles,  ia  attached  on 
the  tractor  as  a  local  coordinate  as  shown  in  Pig.  1. 

When  the  center  of  gravity  has  a  side  slip  angle  0  and  a  yaw  angular  vel¬ 
ocity  r,  it  has  an  acceleration  of  Vli  »  r)  toward  a  turning  center  or  in 


x-di  rection  in  the  case  of  MMll  0  JJ). 

Each  tire  haa  alao  a  aide  alip  angle, 
which  ia  cauaed  by  the  aide  alip  angle 
and  the  yaw  angular  velocity  of  the 
center  of  gravity. 

Coneequently  a  cornering  force,  which 
la  againat  the  aide  alip  of  each  tire, 
acta  on  each  tire  in  the  perpendicular 
direction  of  the  noving  direction  or 
in  the  perpendicular  direction  to  the 
tire  face  when  the  aide  Blip  of  the 
tire  ia  email .  Considering  above 
condltiona,  the  equations  of  Motion 
are  written  aa  follows. 

In  x-directionj 
wvi§  ♦  r)  -  (Cfi  ♦  cf2)corr 
♦ (Crl  ♦  Cr2)coaa 
♦<rfl  ♦  f fjJoihY 
-<rrl  ♦  Pr2)eina 
♦  Palni  a  ♦  0)  (1) 


A— 


m 


,>  * 

V.U  i 


In  y-direction,  rig.  1  T orces  and  anglee  in  the 

.  caae  of  curve  running  of  the 

wv  *  -<Cyi  ♦  Cf2)ainy  articulated  tractor. 

*(Cri  ♦  cr2)sina 

♦  (Tf l  ♦  rf2)coay  tifri  ♦  rr2>coso  -  Pcos(a  ♦  0)  (2) 

Tor  the  yawing  action/ 

Ir  -  (dfiPfi  -  Pf2)  ♦  1  f jC f j  ♦  lfrCf 2)  co*Y 

♦  {-df(Cfi  -  Cf2)  ♦  If  iff  l  ♦  •in> 

♦{dr(fri  -  frj»  *  <lrlcrl  *  1rrCr2>)  co*° 

*(df  (Crj  -  Ctj)  ♦  lrlrrl  *  ^rr^r2^  ai*** 

♦  P  (dpcoa  (a  ♦  0)  -  lpsin  (a  ♦  01 ) 

Pint  a  tractive  force  of  tire  ia  dlscuaaed.  The  torguea,  which  are  ap 
plied  to  both  left  and  right  tirea  of  each  axle,  are  equal  because  of  the 
differential  gear,  but  the  torque  of  front  axle  (te.  the  sun  of  torque 
of  front  left  tire  and  that  of  front  right  tire)  is  different  fron  the 
torque  of  rear  axle.  Those  torques  vary  their  values,  depending  on  the 
loads  of  axles.  Representing  the  total  thrust  of  four  tiree  as  T,  which 
is  alao  given  as  the  total  supplied  torque  fron  the  engine  devided  by  the 
effective  radius  of  tiro,  according  to  the  aagnltude  of  the  external  force 
,  the  tractive  force  of  each  tire  is  written  as  follows. 

ffj  -  T«f/<2»>  -  Rfi  .  ff2  -  TUf/(2W)  -  *(2  . 


r**r. 
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Frj  -  TWr/(2W)  -  Rrl  ,  Fr2  -  TWr/<21 *)  -  Rr2 


Pig.  2  Schematic  figure  for  Ion 
gitudlnal  weight  transfer. 


The  rolling  resistance  R  of  each  tire  would  be  written  as  follows  using  a 
coefficient  of  rolling  resistance  p,  assuming  the  ground  condition  Is  uni 
fora. 

Rfl  *  oWfi  ,  Rfj  “  P*f2  '  Rrl  "  P*rl  »  Rr2  “  P*r2 

In  order  to  get  the  loads  onto  the 
tires  it  is  necessary  to  consider  the 

weight  transfer  by  the  traction  and  'j? 

the  inertia  force  dynaaUccaly.  h  '■  \\ 

A  longitudinal  weight  transfer  is  de-  r  JJ  ^  1  J 

rived  frosi  the  dynasiic  equillbriusi  of  NX.}  J/ 

forces,  which  act  to  the  tractor  as  *  |  Ij* aj  r 

riq- 2 ■  •  v  w  ~Lt  Jh 

When  the  tracior(accelerates  with  V,  *  I 

a  inertia  force  wN  acts  on  the  center  i - >| 

of  gravity  in  the  inyerse  direction 

of  the  acceleration  V.  As  there  is  .  ,  , 

,  ,  „  _ _  ...  Pig.  2  Schematic  figure  for  Ion 

also  an  external  force  Pcoa<a*8)  at  ~  ,  ..  „  . 

.  . .  .  .  ,  , .  .  .  gitudinal  weight  transfer, 

the  traction  point,  a  weight  of  front 

part  or  a  reaction  force  to  front  part 

Wf  is  represented  by  the  following  equation. 

Wf  -  lh“/l'  -  (hoSW  ♦  Phpcos (a  ♦  8)>/l'  -  aW  -  AWj  (6) 

Then,  Wr  -  bW  ♦  AW!  (7) 

In  order  to  determine  e  transverse 
weight  transfer.  Pig.  3  is  used. 

In  this  case  the  transverse  external  1#||  ^ , 

forces  are  a  centrifugal  force  sfV*  r~|  r— 

(B*r)  and  a  transverse  component  of  miftj  it?  iVf*f> 

the  traction  Psin(a*6),  so  that  the  i  i  f 

reaction  force  to  two  left  tires  (  111  I  hf 

le.  a  force  to  front  left  tire  ♦  a  ^  - Smr^T- 

force  to  rear  left  tire)  Wj  is  ob-  J  ’  1 

tained  as  follows  from  ths  dynamic  j—s— »— -e-4 

equilibrium  of  forces. 

1,1  “  ♦  r)  pig.  3  Schematic  figure  for 

-  PhpSln (a  t  0)}/(df  •  dr)  (•)  “answers,  weight  transfer. 

-  W/2  ♦  A*t  (9> 

Then,  W2  -  W/2  -  &Wt  (9) 

Considering  these  weight  transfers,  the  loads  of  tires  or  the  reaction 
forces  from  the  ground  to  tires  are  written  es  follows. 

Wf i  -  aW/2  -  A»l/2  ♦  «AWt  ,  Wf 2  -  eW/2  -  H*x/2  -  aA*t 


left  fleet 

n  r~ I 

I  o  V<»”> 

*«lh  eel 

I  Jj  t  1~i 

TO 


Pig.  3  Schematic  figure  for 
transverse  weight  transfer. 


Wrl  -  bW/2  ♦  AWj/2  ♦  bAWt 


Wr2  *  bW/2  ♦  AWi/2  -  bAWt 
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In  reference  ()|  C  .da  aaausied  that  the 
cornering  force  la  proportional  to  the 
aide  allp  angle  for  very  aawll  aide  allp 
angle.  Thla  assumption  la  valid  only 
for  very  snail  aide  allp  angle.  However, 
when  the  traction  or  other  external  for- 
cea  act  on  the  tractor,  the  aide  allp 
angle  of  tire  will  be  conaidered  to  have 
rather  not  aatall  aide  allp  anqlea.  For 
thla  caae  the  cornering  force  would  be 
repreaented  for  exaeple  by  the  exponen¬ 
tial  function  aa  follows  froai  the  con¬ 
sideration  of  teat  curves  of  cornering 
force  to  the  aide  allp  angle. 

c  *  C*ax(l  -  e*e/6°  )  (11) 

The  auxianxa  cornering  force  C«*j,  la  re¬ 
stricted  by  the  friction  circle  aa  Fig. 
4.  When  the  tire  has  a  tractive  force 
F,  the  awxianjw  cornering  force  la  rep- 
rensented  as  follows. 

-  /(pw)’  -  f1  ua> 

In  order  to  solve  the  dynamic  action 
equations  (1)  to  (3),  the  cornering 
force  C  should  bf  written  as  the  linear 
function  of  B,  r  and  V.  So  that  the 
following  approxlaiatlon  is  taken  in  the 
relation  between  the  atriaua  cornering 
force  and  the  tractive  force  in  four 
regions  aa  in  Fig.  *>. 


Caax  *  Bi(uw)  -  Air  ,  WM  (13) 


Considering  that  the  cornering  force  is 
negative  when  the  aide  slip  angle  is 
positive,  the  cornering  force  C  is  rep¬ 
resented  aa  follows  for  all  side  slip 
angles  (See  Fig.  6) . 


cfl-‘»iU»fi-*iF,i)  11-e 
Cf2— (BiPWf2-AiFf2)  (1-e 

Crl-‘»il'"r1-A»rriH»-e 

:r2— (»lUWr2-AiFr2)U-e 


<14> 


» 


Pig.  5  Relation  between  the  aax- 
Imam  cornering  force  and  tract¬ 
ive  force. 


fig.  6  Cornering  force. 


And  the  aide  alip  angles  of  tires  are  written  as  follows. 
8fl-(v8*iflr)/(vedfr)  -  y  .  8( 2- (v8elfrr)/(v-dfr)  -  y  . 
#rl“<v8-lrlF)/<Vedrr)  ♦  a  ,  8r2" (V8-ifrr)/ (v-dfr)  ♦  o 


US) 
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Representing  all  distances  in  Pig.  1  by  the  tractor  geoatetry  and  by  the 
bending  angle  and  substituting  all  these  equations  into  equations  < 1 >  to 
(1),  we  can  get  following  equations. 

*1l6  ♦  anV  -  bi T  ♦  ci  «  gi (8,r,V,a,0,T,P,*» ) 

•it?  ♦  ajjV  -  bjT  ♦  cj  ■  gi (8 , r , V,a .8 ,T,P,» • ) 

•tt&  *  «iiV  ♦  ajjr  -  bjT  ♦  cj  •  gi (8,r,V,a,8,T,P, ••)  (16) 

«  •  • 

6,  V  and  r  are  represented  as  follows. 

8  *  (ajjgi  -  S| jq J ) / («1 1  a? J  -  ai jaji  ) 

V  •  (angj  -  ajigi)  -  •u*ll> 

r  •!  (ajiau-a2ian)gi*(aijaji-anaij)gi*(aiia}j-aiia2i)g|} 

/tai i (ai i a j j -ai jS2 i ) )  (17) 

If  initial  values  of  6.  r  and  V  are  given,  the  tine  variations  of  three 
output  variables  8,  r  and  V  are  calculated  by  the  Runge-Kutta-Gill  method 
for  the  input  variables  5,  8,  T,  P  and  so  on.  By  this  DM t hod  the  transient 
phenoaienon  such  as  a  starting  or  a  braking  process  will  be  analyzed,  using 
an  arbitrary  variation  of  the  inpu£  thrust  T. 

As  for  a  constant  speed  running,  V  »  0.  So  that  frosi  equation  (16), 

au£  -  b|T  ♦  ci 

*2  1 8  ■  b2T  ♦  C 2 

•  llS  ♦  anr  -  biT  ♦  Ci  (18) 

In  this  case  a  constant  thrust  T  of  the  following  value  is  supplied  to  the 
tires. 


T  •  (a 2 1 ci  -  aiici)/(anb2  -  anbi)  (19) 

Then  §  and  r  are  written  as  follows. 

• 

8  -  (bici  -  b|C2>/(aiib2  -  S2ibii 

r  >(b|  (a2  ici  -ai  1C2 )  »C|  (ai  ibi -aiibi  )*an  (bic2-b2ci )  )/{a»  j  (at  ibi-an  bi ) }  (20) 

The  tisw  variations  of  8  and  r  are  also  calculated  nuswrically  by  the  R-K-G 
method,  and  the  effects  of  factors  such  as  V,  P,  6  and  so  on  on  8  and  r 
would  be  able  to  discuss  at  the  constant  turning. 

The  initial  values  of  8  and  r  are  obtained  from  the  condition  that  there 
is  no  side  slip  of  tire,  which  is  represented  as  follows. 

8  ♦  l,r/V  -  y  •  0 

8  -  lhr/v  ♦  a  -  o  (21) 


rinlt. 


-  v«/l' 


sy  -  ba 


(22) 
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The  initial  value  of  V  ie  ylven  arbitrarily.  The  velocity  of  tractor  V 
will  vary  alao  by  the  slippaye  of  tires,  which  ia  dependent  on  the  tracti¬ 
ve  force.  From  the  traction-al ippaqe  curve  of  the  teat  tractor  in  the 
teat  place  the  alippaye  ia  calculated  aa  followe,  correapondinq  to  the 
tractive  force. 

i  -  a'  ini'r  /<r  -  r»  t  ♦  iQ  (23) 

max  ma  x  u 

The  method  of  yettlnq  the  runniny  trace  on  the  fixed  yeneral  coordinate 
la  deacribed  cloaely  In  reference  (1). 

MgTHOOOLOGY  OP  EXPgX  I HEWT 

Ex;'eriaw*nta  of  conatant  circular  turn  and  U-turn  were  condicted  on  the 
hard  unpaved  yround  for  an  articulated  teat  tractor  made  in  Japan.  The 
texted  tractor  waa  4MD  (4-wheel-drive)  articulated  tractor  with  the  aiml- 
lar  construction  and  aixe  aa  those  of  the  "Knickschlappar"  of  Holder  Co. 
in  BRD .  It  has  a  mass  of  1400  ky,  equal-sire  tires  and  a  2-cylinder  die¬ 
sel  enqine  of  19  kW.  When  the  bendiny  anqle  ia  0*.  its  wheel  base  is  1290 
aas,  the  distance  frees  the  bendinq  point  to  the  front  axle  If  ia  416  mb,  lr 
la  824  aas,  and  the  tread  2d),  •  2dv  la  990  mb. 

The  traction  (le.  external  force)  P  was  yiven  by  brakinq  a  connected  load 
wayon  behind  the  tested  tractor  and  it  waa  awasurad  by  a  load  cell. 

The  bendiny  anyle  6  and  the  traction  anyle  6  were  picked  up  electrically 
by  rotatlny  type  variable  resistors. 

In  order  to  yet  the  runniny  trace  and  to  correlate  it  with  other  data 
siynals  in  the  correapondinq  time,  two  ink  noxales  were  attached  at  front 
and  rear  parts  of  the  tested  tractor  respectively,  and  frosi  the  noxzles 
blue  and  red  ink  dropped  down  at  one  or  one  half  second  Intervals,  usinq  a 
relay  circuit.  Timer  slqnal  of  the  circuit  was  also  recorded  by  a  data 
recorder  with  other  data,  so  that  the  runniny  trace  could  correspond  with 
other  siynals  such  ss  trsetion  and  anyles.  The  runniny  trace  wes  obtained 
by  photoqraphiny  the  two  colored  ink  asrfcs. 

The  yaw  moeuint  of  Inertia  of  the  tractor  *1*  was  masured  by  a  tortional 
spriny  type  neaaurlny  device,  which  Oida  desiynad.  This  method  was  dascr- 
lbed  closely  in  reference  11). 

THEORETIC  AX.  kHD  HEA5URJD  MjMWIHG  TRACE 

When  the  bendiny  enyle  6,  the  trsetion  snqle  6  and  tha  traction  P  vary  at 
curve  runniny ,  the  runniny  trece  of  the  tested  tractor  is  cslculstsd  theo¬ 
retically  and  numarlcally  by  assumlnq  a  constant  tuminy  in  a  very  short 
time  interval.  Details  srs  shown  in  reference  (l|. 

On  the  other  hand  the  measured  runniny  traces  ware  qot  from  pictures  of 
the  colored  ink  marks  which  were  remained  on  the  yround  after  runniny. 

Ply.  7  shows  the  comparison  between  the  theoretical  cslculstsd  runniny 
trace  and  the  awasurad  one  when  the  traction  is  small  and  tha  initial  speed 
is  2.1  m/a .  in  the  esse  of  sawll  traction  the  tractor  moves  ss  well  sa 
the  tractor  without  traction  and  both  theorsticsl  and  measured  runniny 
traesa  are  considerably  well  coincident. 

Ply.  a  shows  the  runnlnq  traces  when  the  traction  and  the  trsetion  anqla 
are  larye.  In  this  case  the  tractor  is  forced  to  elip  outward  of  the 
turniny  by  the  traction  P.  The  theoretical  runnlnq  trscss  can  dsscribe 
well  this  phsnomenon  and  aqres  considerably  wall  with  the  measured  runnlnq 
traces  as  shown  in  Piq.  8.  It  is  shown  from  thess  comparisons  that  this 
slsMlation  theory  would  be  able  to  be  applied  to  eetiswte  the  turnlnq  be¬ 
haviour  of  tha  artlculatad  frame  steer inq  tractor. 
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riq.  1  Coag>arieon  b*t«tn  aieasured 
running  trace  and  theoretically 
calculated  one  when  traction  P  la 

saull . 


T 
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Fig .  9  Coaqpar i Son  between  aieasured 
running  trace  and  theoretically 
calculated  one  when  traction  P  is 
large. 


EPTECT  Of  GEOMETRICAL  FACTORS  OH  TURNING  BEHAVIOUR 
Using  the  equations  (1)  to  (3),  effects  of  soeie  factors  on  the  turning 


behaviour  will  be  shown  in  following 
sections  including  this  section.  Here 
the  position  of  bending  point  and  the 
position  of  the  center  of  gravity  are 
selected  as  gecasetrlcal  factors.  As 
an  indes  to  represent  the  position  of 
bending  point, 

*1  "  lf/<lf  *lr>  (24) 

is  chosen.  The  position  of  the  center 
of  gravity  is  represented  by  *a* ,  ie. 

a  -  Wf/w  -  lh/l'  (25) 

Pig.  9  shows  the  relationship  between 
the  side  slip  angle  of  the  center  of 
the  gravity  0,  the  position  of  bending 
oint  *Ri*  and  the  position  of  the  cen¬ 
ter  of  gravity  "a" .  The  given  test 
conditions  are  written  in  the  figure. 
Other  geometrical  dimensions  except 
**1*  are  the  same  as  those  of  the  test 
tractor.  A  negative  g  means  the  out¬ 
ward  side  slip  of  the  center  of  gravi¬ 
ty-  The  smaller  "a"  is  (ie.  the  near¬ 
er  the  center  of  gravity  to  the  rear 
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rig.  10  Effect  of  positions  of 
the  CC  and  bending  point  on  side 
slip  angles  of  front  and  rear 
parts. 


axle  is),  and  the  larger  “Rla  is  (ie. 
the  nearer  the  bending  point  to  the 
rear  axle  is) ,  the  larger  the  outward 
side  slip  of  the  center  of  gravity  be- 
cos»es.  On  the  contrary  when  the  cen¬ 
ter  of  gravity  and  the  bending  point 
are  located  near  the  front  axle  (ie. 
when  "a*  is  large  and  "Ri*  is  small), 
the  center  of  gravity  moves  consider¬ 
ably  inward  of  turning  from  the  y 
direction.  When  the  tractor  running 
speed  decreases,  0  approaches  to  zero, 
if  the  center  of  gravity  and  the  bend¬ 
ing  point  are  located  at  the  middle 
point  between  the  front  and  rear  axles 
(ie.  *a*  -  *Rj*  -  0.5).  In  the  case 
of  Fig.  g  the  value  of  0  is  a  little 
negative  because  of  the  relatively 
higher  running  speed  V  (•!  a/s ) ,  even 
if  “a"  and  “Rj"  are  equal  to  0.5. 

rig.  10  shows  how  the  front  and  rear 
parts  move  according  to  the  positions 
of  the  center  of  gravity  and  the  bend¬ 
ing  point.  In  the  figure  8C  represents 
the  side  slip  angle  of  the  front  axle 
center  and  Bh  represents  the  side  slip 
angle  of  the  rear  axle  center.  When 
"a*  is  small  (ie.  the  center  of  gravity 
is  near  the  rear  axle) ,  the  rear  axle 
(ie.  rear  tires)  slips  severely  out¬ 
ward  of  turning.  The  outward  slip  of 
rear  axle  increases  when  *Ri"  decreases 
(ie.  the  bending  point  approaches  to 
the  front  axle),  especially  at  small 
.  On  the  other  hand,  when  "a*  is 
large  (ie.  the  center  of  gravity  is 
near  the  front  axle)  and  "Ri*  is  also 
large  (ie.  the  bending  point  is  near 
the  rear  axle),  the  front  axle  (ie. 
front  tires)  slips  considerably  inward 
of  turninq  from  y  direction. 

Fig.  11  shows  the  relationship  between 
the  position  of  turning  center,  *Ri" 
and  *a*.  In  the  local  coordinate  sys- 
tem  the  origin  is  located  on  the  center 
of  gravity.  However,  as  the  oriqin 
moves  according  to  the  value  of  V, 
the  front  axle  center  is  taken  as  the 
baee  point  in  this  figure.  When  "Ria 
is  large,  the  turning  centers  are  lo¬ 
cated  rather  in  front  area  from  the  viewpoint  of  tractor  position.  And 
when  *Ri"  is  satall,  the  turning  center  moves  rearward.  As  for  aaa,  the 
turning  center  approaches  to  the  tractor  when  "a"  is  0.5  or  0.6  and  the 
turning  radius  reaches  the  minimum  at  that  running  condition.  As  a  con¬ 
clusion  the  turning  radii  of  front  and  roar  tires  become  almost  equal  when 
the  bendinq  point  is  located  on  the  sUddle  point  between  the  front  and 
rear  axles  and  when  the  load  distribution  is  aqua)  or  a  little  more  onto 
the  front  pert  in  this  test  condition.  However  this  optisnmi  condition 


Fig.  11  Effect  of  positions  of 
the  CG  and  bending  point  on  the 
position  of  turning  center. 


:«  r 


will  change  with  the  running  speed,  traction,  traction  angle  and  so  on. 


EFFECT  OF  TRACTION  CONDITION  ON  TURNING  BEHAVIOUR 


Fig.  12  Effect  of  traction  on  the 
side  slip  angles  and  r. 


Fig.  13  Effect  of  traction  on  the 
position  of  turning  center. 


Fig.  12  shows  the  Influence  of  traction  P  on  the  aide  slip  angle  of  the 
center  of  gravity  B,  the  yaw  angular  velocity  of  the  center  of  gravity  r, 
the  aide  slip  angle  of  the  front  axle  center  Ba  and  the  aide  slip  angle  of 
the  rear  axle  center  Bh.  Data  of  the  tractor  geoaetry,  which  were  used  in 
calculation,  are  those  of  the  tested  tractor.  And  theee  data  were  used  in 
all  following  calculations  of  simulation.  As  the  traction  increases,  the 
front  part  slips  outward  and  the  rear  part  slips  inward  of  turning  because 
the  traction  pulls  the  rear  part  of  the  tractor  Inward  in  this  case,  when 


**ir. 


Fig.  14  Effect  of  traction  angle  on 
the  side  slip  angles  and  r. 


Fig.  IS  Effect  of  traction  angle  on 
the  position  of  the  turning  center 
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the  traction  angle  la  not  negative.  The  yaw  angular  velocity  r  decreases 
with  the  traction  owing  to  the  phenoaienon  Mentioned  above. 

Fig.  13  represents  how  the  position  of  turning  center  varies  with  the 
traction  and  it  shows  that  the  position  of  turning  center  goes  away  from 
the  tractor  with  the  increase  of  the  traction.  This  trend  is  also  explain¬ 
ed  by  the  variations  of  the  side  slip  angles,  which  was  shown  in  Fig.  12. 

Fig.  14  shows  the  effect  of  the  traction  angle  on  B,  r,  Be  and  Bh-  When 
0  is  negative,  the  rear  part  of  the  tractor  is  pulled  outward,  so  that  the 
rear  part  slips  outward  of  turning.  In  this  test  conditions  at  the  tract¬ 
ion  angle  of  -30  degrees  the  tractor  becomes  unstable.  On  the  contrary, 
for  the  positive  traction  angle  8,  the  rear  part  slips  inward  and  the 
front  part  slips  outward  of  turning. 

Fig.  15  represents  that  the  position  of  turning  center  moves  away  from 
the  origin  for  the  larger  value  of  the  traction  angle,  because  for  the 
large  positive  traction  angle  the  front  part  of  the  tractor  slips  outward 
of  turning  and  the  turning  radius  becoaws  larger. 


trnct  OF  RUNNING  VELOCITY  ON  TURNING  BEHAVIOUR 


When  the  running  velocity  V  increases,  the  yaw  angular  velocity  r  increa¬ 
ses  also  alsx>st  linearly,  so  that  the  acceleration  V(B  ♦  r)  of  the  tractor 
toward  the  turning  center  increases,  even  if  the  variation  of  side  slip 
angle  of  the  center  of  gravity  8  is  sero  at  the  constant  circular  turning. 
Therefore,  the  larger  centrifugal  force  acts  on  the  center  of  gravity, 
then  the  side  slip  angles  of  front  and  rear  parts  become  large  in  the  out¬ 
ward  direction  of  turning.  Fig.  16  shows  this  phenomenon. 


Fig.  16  Effect  of  running  velocity  Fig.  17  Effect  of  running  velocity 

on  the  side  slip  angles  and  r.  on  the  position  of  turning  center. 

FJg.  17  shows  the  variation  of  the  turning  center  with  the  value  of  runn¬ 
ing  velocity.  When  P  *  8  •  0,  is.  at  the  running  without  traction,  the 
turning  center  moves  toward  the  frontward  of  the  tractor.  It  is  shown  as 
a  results  that  the  ruts  of  front  wheels  and  rear  wheels  coams  closely  to¬ 
gether  when  the  running  speed  is  rather  high  in  this  test  condition  using 
the  test  tractor.  When  the  tractor  runs  with  a  certain  traction  the  posi¬ 
tion  of  turning  center  movea  away  from  the  tractor.  This  is  caused  by  the 
increase  of  the  side  slip  angles  due  to  the  increase  of  the  centrifugal 
force  by  high  velocity. 


EFFECT  Of  ROAD  CONDITION  ON  TURNING  BEHAVIOUR 


The  friction  coefficient  u  between  the  tire  end  the  ground  has  a  very  lm- 
l<ortant  role  to  determine  the  maximum  cornering  force  aa  equation  (12). 
Therefore,  when  the  friction  coefficient  g  la  email,  the  upper  limit  of 
the  cornering  force  becosws  low,  and  when  the  traction  P  acta,  the  load  cf 
the  front  tlrea  decreases  due  to  the  weight  tranafer.  So  that  the  front 
pert  of  the  tractor  alipe  outward  intenaively.  Fig.  18  ahowa  thia  tenden¬ 
cy.  In  thle  teat  condition  the  aide  Blip  angle  of  the  rear  axle  center  Bn 
changea  hardly. 

Fig.  14  shows  that  the  position  of  turninq  center  moves  away  from  the 
tractor  due  to  the  reason  mentioned  above,  when  the  friction  coefficient  g 

becomes  saull . 

The  coefficient  of  rolling  resistance  p  and  the  slippage  constant  K'  have 
seldom  effect  on  the  side  slip  angles  and  the  yaw  angular  velocity. 


Fig.  18  Effect  of  frictional  coeffi-  Fig.  19  Effect  of  frictional  coeffi¬ 
cient  on  the  aide  slip  angles  and  cient  on  the  position  of  turning 

the  yaw  angular  velocity.  center. 


SUMMARY 


The  turning  behaviour  ,  especially  the  side  slips  of  the  front  and  rear 
parts  of  the  articulated  frame  steering  tractor,  was  theoretically  formu¬ 
lated,  when  it  has  a  traction  with  arbitrary  traction  angle. 

The  formulated  equations  of  action  were  solved  nuawrically  by  Runge-Kutta- 
Gill  method  as  the  initial  value  problem.  The  running  trace  of  the  tractor 
,  which  was  calculated  by  this  numerical  method,  was  considerably  well  co¬ 
incident  with  the  ateaaured  running  trace, 
based  on  this  certified  siatulation  theory,  effects  of  scats  factors,  for 
instance  the  position  of  bending  point,  the  position  of  the  center  of  gra¬ 
vity,  traction,  traction  angle,  running  velocity  and  friction  coefficient. 
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A  TRACKED  VEHICLE  TEST  PLANT  FOR  THE  SIMULATION  OF  DYNAMIC  OPERATION 


ING06ERT  C.  SCHMIO 

UNIVERSITY  OF  THE  GERMAN  ARMED  FORCES,  HAMBURG 

ABSTRACT 

In  1982,  a  modem  test  plant  Mas  taken  into  operation  at  the  University  of 
the  German  Armed  Forces  in  Hamburg,  Mhich  has  very  good  dynamic  properties 
that  make  it  possible  to  simulate  not  only  rolling  resistance,  but  also 
the  inertia  of  vehicle  mass  and  the  turning  resistance  of  a  tracked  vehi¬ 
cle.  Herewith,  the  dynamic  loads  of  real  vehicle  action  on  the  road  and  in 
the  terrain  can  be  run  on  the  test  stand,  true  to  reality,  as  it  has  not 
been  feasible  on  power  test  stands  employed  so  far.  ^ 

The  test  stand  conception  is  presented  and  functions  are  explained.  The 
fundamental  principles  for  performance  lay-out  of  the  test  stand  for 
tracked  vehicles  are  pointed  out,  referring  specially  to  the  requirements 
to  be  met  for  simulation  of  acceleration  and  turning  conditions.  The  ap¬ 
plications  for  testing  are  discussed,  and  several  versions  of  control  sys¬ 
tems  are  presented  for  different  modes  of  operation. 


INTRODUCTION 


In  the  past,  many  attempts  were  made  to  replace  road  and  terrain  testing 
of  the  performance  of  tracked  vehicles  by  simulators.  On  several  test 
stands  in  use,  steady-state  conditions  can  be  realized  (e.g.  at  TACOM, 
Detroit).  However, dynamic  testing,  especially  simulation  of  inertia  for¬ 
ces  and  turning  resistance,  is  not  possible  thereon.  Dynamometer  Trucks 
for  towing  and  braking  vehicles  on  the  road  or  in  the  terrain  were  devel¬ 
oped  for  the  Bundeswehr  Erprobungsstel le  41  and  for  Yuma  Test  Station. 

But  with  these  tracked  vehicles  indoor  tests  are  impossible.  For  indoor 
testing,  several  studies  were  made,  for  instance  of  rol ler-type  dynamo¬ 
meters,  but  none  of  them  was  materialized,  due  to  cost  and  technical  rea¬ 
sons. 

A  most  promising  concept  was  proposed  in  1976  by  the  University  of  the 
German  Armed  Forces  ill  and  developed  by  the  8rown  Boveri  Company  in  close 
cooperation  with  the  user.  This  test  stand  installed  in  Hanfcurg  was  start¬ 
ed  up  in  1982.  In  the  meantime,  the  test  stand  system  has  met  with  much 
approval.  In  the  USA,  it  has  become  known  under  the  designation  of 
"Power  and  Inertia  Simulator"  or  PAISI . 
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TEST  STANO  FACILITIES 


Figure  1  shows  the  test  stand  with  the  tank  JAGUAR  of  the  GERMAN  Arwed 
Forces  as  the  test  vehicle.  The  test  stand  consists  of  two  power  units  to 
which  the  vehicle  sprockets  are  cortined  by  weans  of  cardan  shafts.  The 
tracks  have  been  taken  off.  The  vehicle  is  operated  here  by  the  driver 
just  the  same  as  in  actual  driving.  That  weans  he  accelerates,  he  switch* 
es  the  gears,  he  brakes  and  he  steers. 

The  vehicle  engine  drives,  the  two  test  rig  power  units  brake,  that  is  to 
say  they  absorb  the  energy.  Under  particular  driving  conditions,  the 
power  flux  can  be  vice-versa,  which  weans  that  the  power  units  will  then 
be  driving. 

Thus  the  test  rig  wachines  wust  be  able  to  drive,  as  well  as  to  brake, 
and  furthenaore,  they  wust  be  able  to  rotate  In  both  directions.  To  put 
this  into  practice,  direct-current  generators,  so-called  dc-dynawoweters, 
are  wost  suitable.  They  are  thyristor  controlled. 

An  essential  part  of  the  test  rig  unit  1$  an  adaptive  gear  box,  suitable 
to  adapt  torque  and  speed  of  the  generator  to  the  test  vehicle.  Between 
the  adaptive  gear  box  and  the  generator,  there  is  the  torque  weasuring 
shaft. 

The  test  hall  is  a  sound-proof  roow  with  a  12-ton-crane,  Figure  2.  The 
vehicle  is  clawped  on  a  rigid  and  heavy  foundation.  The  foundation  wass 
is  approxiwately  1600  tons.  The  necessary  cooling  air  is  provided  by  a 
high-capacity  blower  (150  kU),  via  a  scoop.  The  exhaust  gases  are  collec¬ 
ted  at  the  exhaust  pipe  by  a  funnel  and  escape  via  a  wetal  hose. 

Inside  the  control  roow,  the  control  desk  consists  of  two  identical  halves, 
showing  for  each  of  the  power  units  the  sawe  configuration  of  operating 
and  control  elewents.  Figure  3.  Frow  here,  the  condition  of  operation  of 
the  vehicle  tested  can  be  predetermined.  The  control  systew  which  is  work¬ 
ing  in  closed  loop  will  then  automatically  provide  the  desired  torque  or 
the  desired  speed.  Additionally,  on  the  control  desk,  there  are  all  in¬ 
struments  necessary  to  observe  the  values  to  Insure  a  troublefree  test  run. 


TEST  STAND  CONTROL 


The  control  systew  is  located  In  the  measurement  cabinets.  Figure  4.  For 
the  total  of  32  different  modes  of  operation  for  which  the  plant  has  been 
designed,  considerable  electronics  is  required.  For  some  particular  cases, 
an  external  hybrid  computer  governs  the  test  rig  control  systew.  Speed  and 
torque  of  the  power  units  can  be  controlled  for  each  unit  or  for  both 
units  In  cort)1nat1on.  Thereby,  different  modes  can  be  realized: 

Steady-state  Control 

Needless  to  emphasize,  steady-state  operating  conditions  can  be  realized 
with  the  test  stand.  To  that  purpose,  the  torque  or  the  speed  must  be  kept 
at  a  constant  level . 


"desired 


•  const. 


^desired 


(1  •) 
(1  t>) 


■  const. 
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These  Modes  are  needed  to  Measure  vehicle  drive  characteristics.  Of  the 
two  possibilities,  the  speed  control  Is  Mostly  preferrable,  because  It 
allows  a  wore  stable  setting  of  operational  points  than  a  torque  control 
does:  in  view  of  the  flat  curve  of  the  combustion  engine's  torque  charac¬ 
teristics,  difficulties  nay  arise  when  trying  to  Maintain  with  torque 
control  a  detenalned  load  point  at  a  constant  speed. 

Programs ed  Control 

Alternatively,  control  can  be  based  on  a  desired  value  being  variable 
with  the  course  of  time: 

"desired  ‘  <2  #> 

"desired  *  "<*>  <2  b> 

Herewith,  the  locomotion  and  load  programs  can  be  assessed,  and  that  Is 
where  the  advantages  of  the  test  stand  become  evident. 

Motion  Resistance  SI mutation  * 


An  even  higher  requirement  can  be  met  by  siMulatlng  the  Motion  resistan¬ 
ces,  and  that  In  a  way  to  obtain  the  loads  as  in  real  locomotion,  depen¬ 
dent  on  any  travelling  condition. 

The  total  resistance  can  be  expressed  by  a  function  as  follows: 


T  »  a0'  ♦  a,'v  ♦  a2'-v*  ♦  b'  ■  ^  *  C  (*,  v)  (3) 


Therein  (a0 ’  ♦  aj’*v  ♦  aj'-v2)  represent  rolling  resistance,  slope  resist¬ 
ance  and  air  dreg,  whereas  b  depends  on  the  mass  inertia,  and  C  refers  to 
the  turning  resistance  (v  means  driving  speed,  R  Is  the  radius  of  curva¬ 
ture). 

The  total  resistance  Is  split  to  the  two  sprockets.  Thus  the  torques  at 
the  sprockets  are 


M 


I 


M 


It 


dn. 


Wile 

.0  ♦a2-nI»*'»-  -ar  +  c(R. 


dn. 


I  1 

•o  ♦  -  C  (R,  hj,  nn) 


(«) 


(n  Is  the  rotational  speed  at  the  sprockets.) 

It  should  be  noted  that  the  sign  of  ♦  or  -  before  C  is  opposite  at  the  two 
sprockets.  Simulation  of  rolling  resistance,  air  drag,  and  slope  resl 
ance  on  vehicle  is  well  known  to  be  general  state  of  the  art.  However, 
simulation  of  vehicle  Inertia  as  practised  In  the  way  reported  here,  and 
above  all  simulation  of  the  turning  resistance  of  tracked  vehicles,  has 
not  been  realized  so  far,  but  Is  single  In  the  test  stand  presented  here. 
Therefore,  some  considerations  must  be  added  as  to  simulation  of  the  accel¬ 
eration  resistance  as  well  as  of  the  turning  resistance. 


J 
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SIMULATION  OF  TURNING  RESISTANCE 


As  Is  known,  tracked  vehicles  are  steered  by  a  higher  speed  at  the  outer 
track  and  a  lower  speed  at  the  Inner  track,  viewed  from  the  center  of  cur¬ 
vature.  Hereby,  a  turning  resistance  arises  -  a  yawing  torque  -  which  eust 
be  overcow  by  an  additional  driving  force  at  the  outer  track  and  by  a 
braking  force  at  the  inner  track.  When  slautating  a  curve  on  the  test  rig, 
the  two  sprockets  eust  accordingly  take  up  different  torques  at  different 
speeds.  To  give  an  example,  Figure  S  shows  the  torque  taken  up  by  each 
sprocket,  depending  on  the  rolling  speed  at  various  values  of  the  radius 
of  curvature.  This  dlagrae  was  calculated  for  a  43-tons  tank  (engine  per¬ 
formance  610  kW,  superpositioning-steering-gear  box)  on  the  road.  The  roll¬ 
ing  resistance  was  considered  to  be  independent  froe  driving  speed,  the  air 
drag  was  neglected.  For  calculation  of  the  turning  resistance,  a  relatively 
sieple  wodel  [2]  was  used. 

As  can  be  seen,  in  circular  Motion  with  growing  speed  the  torque  at  the 
outer  sprocket  increases  and  reaches  a  Multiple  value  as  compared  to  the 
torque  in  straight-line  motion.  The  speed  of  the  vehicle  on  a  radius,  how¬ 
ever,  can  increase  no  further  than  to  a  point  where  the  perforwnce  limit 
of  the  tank  drive  will  be  reached. 

As  the  torque  is  increased  at  the  outer  sprocket,  a  reduced  torque  will 
arise  at  the  inner  sprocket,  which  will  becow  negative  when  the  radius 
drops.  In  that  case,  the  Inner  sprocket  has  a  braking  effect. 

Those  torques  -  which  are  provided  by  the  tank  drive  -  must.  In  case  of 
simulating  a  curve  on  the  test  stand,  be  counteracted  by  the  test  rig  unit, 
as  is  indicated  in  equation  (4)  by  the  term  of  *  C. 

In  the  easiest  case,  the  turning  resistance  can  be  set  manually  at  the 
potentiowter  of  the  notion  resistance  simulator.  This  is,  however,  not 
satisfactory  in  a  driving  simulation.  A  better  possibility  is  the  computer 
input  of  the  turning  resistance  as  a  diagram  of  characteristics  (e.g.  Fig¬ 
ure  S).  This  requires  the  availability  of  wasured  or  calculated  character¬ 
istics  which  are,  however,  valid  only  for  determined  vehicle  data  and  fixed 
road  or  terrain  conditions.  It  has, therefore,  been  envisaged  for  test  stand 
simulation  to  establish  the  tumlna  resistance  by  the  aid  of  an  analytical 
model  of  general  validity,  e.g.  [3j,  [4],  In  on-line  operation. 


SIMULATION  Of  INERTIA  OF  VEHICLE  MASS 

In  the  case  of  battle-tank  test  stands,  the  Inertia  of  the  vehicle  mass 
has  not  yet  been  simulated.  It  could  for  instance  be  realized  by  flywheels. 
Due  to  the  substantial  tank  mass,  however,  they  would  have  to  be  very  large: 
It  would  then  probably  becow  necessary  to  provide  a  flywheel  set  with  re¬ 
movable  rotary  wsses  to  allow  an  adaptation  by  steps  to  the  tank  wss  in 
question.  But  this  would  be  quite  expensive  and  would  involve  problew  In 
simulating  steering  conditions.  Due  to  changes  of  sprocket  speed  during 
steering,  inertia  forces  would  be  induced  which  do  not  occur  In  reality. 

Therefore,  on  the  test  stand  to  be  considered,  the  wss  inertia  of  the 
tank  is  simulated  not  by  mechanical  flywheel  wsses,  but  by  the  electri¬ 
cal  generators.  This  Involves  the  need  of  an  equivalent  power  to  be 
available  at  the  test  rig.  This  power  requirement  Is  reduced  by  the  fact 
that  the  test  rig  unit  has  a  certain  basic  inertia  In  terms  of  Its  mechan¬ 
ical  Inertia  8py  so  that  only  the  difference  up  to  total  vehicle  Inertia 
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aust  be  supplied  «s  an  electric* 1  supplementary  torque  M  on  each  power 
unit:  * 


fev  -  0W) 


2*  dn 

50  31 


(5) 


when*  ey  Inertia  of  the  vehicle  simulated  (SO  *) 

Gp,.  Inertia  of  a  power  unit 
™  related  to  the  Interface  between  test  rig 
and  unit  under  test 


Equation  (5)  Indicates  that  generation  of  the  supplementary  torque  H.  In¬ 
volves  a  differentiation  of  the  rotational  speed  signal  n.  However,  in  this 
procedure,  the  possible  accuracy  Is  not  too  good.  Furthermore,  feeding  back 
the  signal  In  a  closed  loop  control  will  result  In  problem  with  regard  to 
stability.  Consequently,  the  control  circuit  Is  sensitive  to  oscillations. 

A  certain  deeping  could  be  helpful,  but  this  would  be  unfavourable  for  ob¬ 
taining  a  fast  dynamic  response,  as  It  Is  necessary  to  simulate  mass  Iner¬ 
tia. 


TEST  STAND  DYNAMICS 


The  dynamic  behaviour  of  the  test  stand  Includes  the 

-  dynamic  response  to  desired  changes  of  torque  or  rotational  speed 

-  the  mechanical  and  electrical  oscillations  of  the  test  stand 
system,  which  are,  of  course,  not  desirable. 

When  optimizing  both  Item,  problem  will  arise  because  there  Is  a  certain 
conflict  of  goals.  However,  the  realisation  of  a  fast  control  at  fairly 
low  oscillations  has  become  possible  by  the  development  of  active-damping 
electrical  networks  [5]  that  were  harmonized  with  the  mechanics  of  the 
test  stand. 

Figure  6  shows  an  example  for  the  dynamic  quality  achieved.  It  can  be  seen 
that  the  torque  follows  the  desired  value  quite  well,  when  the  desired 
torque  increases  from  30  to  50  I  of  Its  maximum  within  50  m.  In  the  case 
of  increasing  the  desired  value  within  20  ms,  the  actual  value  is  over¬ 
shooting  to  a  certain  degree.  A  slower  Increase  can  be  followed  more  accu¬ 
rately.  Considering  real  acceleration  conditions,  the  behaviour  demonstra¬ 
ted  is  judged  to  be  sufficient. 

Analyzing  the  oscillations  by  considering  the  transfer  function.  It  could 
be  found  that  the  control  system  Is  capable  to  control  the  test  stand  up 
to  10  Hz.  Torsional  oscillations  of  the  test  stand  are  kept  within  allow¬ 
able  limits  by  adaption  matures  at  the  control  system  and  at  the  mechan¬ 
ical  system. 


TORQUE  MEASUREMENT 

The  accuracy  of  measurement  Is  essential  not  only  for  the  precision  of  the 
result  Itself  but  also  for  the  test  stand  control  In  a  closed  circuit. 
While  for  the  speed  measurement  at  the  two  power  units  rotational  speed 
generators  are  used,  which  do  not  involve  any  problem,  the  measurement  of 
the  torques  is  carried  out  be  means  of  torque  measuring  shafts  (Hotting or 
F  30  TN  10  kNm)  arranged  between  dc-generator  and  adaption  gear  box. 
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Insertion  at  that  place  has  the  advantage  that,  when  supposing  equal  test 
pouers,  the  torques  wilt  be  of  the  s aw  order  of  Magnitude  for  all  test 
stand  versions.  (The  test  stand  has  been  designed  as  a  system  of  Modules, 
allowing  by  various  cognations  of  the  testing  components  different  addi¬ 
tional  test  stand  versions,  such  as  test  stands  for  engine,  gear  box, 
torque  converter,  vehicle  brakes).  It  Is,  therefore,  not  necessary  to  ex¬ 
change  the  Measuring  shaft  for  adapting  the  Measuring  range  to  the  require¬ 
ments  of  each  case.  One  accepts,  however,  that  the  losses  of  the  test  stand 
gear  box  oust  be  eliminated  by  a  compensating  circuit.  There  Is  no  p  rob  lew 
as  the  losses  show  regularity.  Figure  7.  Thus  an  accuracy  of  the  torque 
oeasuroMent  of  at  least  0,5  t,  referred  to  the  final  value,  will  be  achiev¬ 
ed,  Figure  8. 


pertorhahce  lay-out 


The  perforeance  requirement  of  the  tank  test  stand  results  from  the  power 
of  the  vehicle  drive  train  to  be  tested.  It  Must  be  considered  that  the 
engine  power  Is  split  to  the  two  sprockets.  Figure  9  shows  torque  versur 
speed  characteristics  at  each  sprocket,  depending  on  the  gear  box  steps, 
for  a  tank  LEOPARD  I  (engine  power  610  kW).  Gearing  losses  (•  20  S)  are 
hereby  neglected,  and  the  Increase  of  torque  due  to  the  hydrodynamic 
torque  converter  Is  not  recorded. 

Each  of  the  two  test  stand  power  units  has  to  counteract  the  power  at  the 
sprockets.  Therefore,  the  characteristics  of  a  power  unit  must  cover  the 
torque  and  speed  range.  In  the  present  case,  this  Is  fulfilled  by  dc-gener- 
ators  of  a  nominal  power  of  400  kW  each.  In  combination  with  the  test  stand 
gear  boxes.  Gear  box  step  A  1  allows  high  torque,  gear  box  step  A  2  high 
speed. 

The  torque  versus  speed  characteristics  considered  so  far  are  true  for 
even  power  split  to  the  sprockets.  However,  In  a  curve,  the  load  distri¬ 
bution  will  become  asymmetrical.  As  It  was  Indicated  In  Figure  5,  the 
torque  at  the  outer  sprocket,  viewed  from  the  center  of  curvature,  can 
Increase  to  high  values  and  exceed  the  power  unit  margin. 

For  this  reason,  simulation  of  the  turning  resistance  of  the  vehicle  LEO¬ 
PARD  I  would  need  600  kU  at  each  sprocket.  Due  to  the  fact  that  the  turn¬ 
ing  resistance  will  occur  for  short  periods  only.  It  Is  not  necessary  to 
Install  dc-generators  for  600  kW,  because  the  400  kw  units  way  be  over¬ 
loaded  to  600  kW  for  a  limited  time.  The  decisive  1  lerl tl ng  factor  Is  the 
temperature  of  the  armature  winding,  which  then  must  be  measured  and  ob¬ 
served,  Figure  10. 

Overloading  makes  also  possible  an  Increase  of  the  driving  torque  by  means 
of  the  torque  converter,  because  Its  action  Is  of  short  time  as  well.  The 
same  applies  to  braking  of  the  vehicle.  Therefore,  braking  tests  are  also 
possible  on  the  test  stand,  up  to  a  power  of  600  kH  at  each  sprocket. 

The  considerations  above  should  line  out  that  for  a  new  test  stand  for 
tracked  vehicles,  the  maximum  engine  power  is  not  the  absolute  dimensioning 
factor.  There  shall  be  emphasized  that,  in  spite  of  substantial  gearing 
losses  (•  20  t),  the  peak  power  transmitted  at  the  outer  sprocket  In  a  curve 
can  exceed  even  the  drive  performance  gross  value.  At  this  sprocket,  there 
can  be  transmitted  more  than  the  engine  power,  which  Is  only  possible  be¬ 
cause  at  the  Inside  track  of  the  curvature,  power  Is  taken  In  from  the 
ground,  and  this  power  Is  transmitted  by  the  steering  oear  to  the  outside 
of  curvature.  The  test  stand  units  must  meet  these  performance  requirements. 
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The  performance  rating  of  any  nn  test  rig  must  be  based  on  the  power  re¬ 
quirements  with  tha  special  data  of  vahlcfas  to  ba  tasted  and  under  con¬ 
sideration  of  the  duty  conditions  to  be  simulated. 

The  user  aust,  therefore,  define  tha  vehicles  to  be  tested,  as  well  as  the 
terrain  conditions  and  the  missions  to  be  simulated,  thus  enabling  the 
manufacturer  of  the  test  rig  to  take  care  of  an  adequate  dimensioning  of 
performance.  In  view  of  the  dynamic  control  of  the  test  rig,  a  certain 
power  reserve  should  be  Included,  which  will  be  required  to  provide  dy¬ 
namic  behaviour  of  the  test  stand. 


HOPES  Of  OPERATION 


The  test  stand  with  its  multiple  control  versions  allows  several  possibil¬ 
ities  of  testing  and  simulation,  which  are  Indicated  In  the  following: 

Steady-state  Control 

The  easiest  mode  of  operation  is  a  steady-state  test  run  with  constant 
control.  In  this  version,  the  operator  at  the  control  desk  sets  the  desir¬ 
ed  values  of  the  rotational  speeds  at  the  sprockets  by  means  of  potentio¬ 
meters,  whereas  the  driver  provides  the  load,  l.e.  the  desired  torques. 

The  test  rig  control  system  regulates  the  sprocket  speeds  In  a  closed  loop. 
Figure  11. 

This  kind  of  operation  is  suitable  for  reaching  step-by-step  various  oper¬ 
ational  conditions.  In  order  to  measure  in  steady  state  the  data  of  torque, 
performance,  fuel  consumption,  exhaust  gas,  noise  emission,  and  so  on.  In 
this  way.  the  characteristic  curves  can  be  developed.  Although  this  is 
possible  with  conventional  test  stands,  the  advantage  of  the  power  test 
plant  in  question  Is  a  quicker  and  more  accurate  assessment  of  the  opera¬ 
tional  points  due  to  the  control  electronics.  The  diagrams  of  character¬ 
istics  which  have  to  be  established  point  by  point  can  thus  be  rapidly 
compiled. 

Programmed  Control 

A  larger  scope  of  possibilities  is  offered  by  speed  and  torque  control 
based  on  preset  desired  values  changing  as  a  function  of  time,  e.g.  ac¬ 
cording  to  the  load  conditions  of  a  real  locomotion.  This  means  a  repeti¬ 
tion  of  load  programs. 

To  obtain  such  a  program,  the  torques  at  the  two  sprockets  and  the  rota¬ 
tional  speeds  must  be  measured  in  the  field  during  the  fulfillment  of  the 
vehicle  mission.  The  signals  recorded  on  a  tape  represent  the  desired 
values  which  are  preset  to  the  test  stand  control  system.  Figure  12.  The 
test  rig  power  units  are  torque-controlled.  Contrary  to  the  previously 
considered  cases,  the  driver  Is,  however,  replaced  here  by  a  driving  actu¬ 
ator,  an  autopilot,  which  operates  the  vehicle.  This  driving  actuator  has 
the  function  of  controlling  In  closed  loop  the  speed  at  the  two  sprockets 
In  such  a  way  that  the  measured  speed  from  the  tape  will  be  maintained. 

Of  course,  with  this  kind  of  test  rig  controlling  It  Is  also  possible  to 
carry  out  any  desired  program  of  load  and  speed.  For  example,  a  test  pro¬ 
gram  for  checking  the  various  functions  of  engine,  gear  box,  and  steering 
gear  nay  be  carried  out.  Therein  the  selection  of  the  desired  points  of 
operation  or  the  passing  through  of  determined  courses  of  load.  Is  con¬ 
trolled  automatically.  Therefore,  the  test  program  will  be  carried  out  In 
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a  Minimum  of  time  resulting  in  a  minimum  period  of  utilization  of  the  test 
rig  and,  consequently,  in  greater  testing  capacity  of  the  test  plant. 

For  time-consuming  endurance  tests,  as  is,  for  example,  the  400  hours  NATO 
test  or  the  24  hours  battle-day,  it  teeas  hardly  advisable  to  use  tape  re¬ 
cordings  requiring  eany  hours  of  run.  Here,  the  use  of  statistical  pro¬ 
gram  trill  be  aore  suitable. 

Such  program  can  be  obtained  by  Measuring  torque  and  speed  to  be  evalu¬ 
ated  as  a  histogram.  To  that  purpose,  the  range  of  speed  and  the  range  of 
torque  are  subdivided  into  different  classes.  Figure  13.  Every  operational 
state  being  characterized  by  a  torque  and  a  rotational  speed  belongs  to  a 
determined  cross-square  of  speed  and  torque.  Every  point  on  the  histogram 
marks  that  1  l  of  the  time  of  operation  Is  attributed  to  the  square  in 
question.  From  that  kind  of  histogram  you  mill  be  able  to  see  at  once  horn 
often  and  hom  long  the  different  operational  states  occur.  This  depends, 
of  course,  on  the  terrain  and  on  the  tactical  task.  The  example  given  here 
is  the  histogram  for  engine  load  during  a  driving  test,  but,  of  course, 
you  can  record  in  the  same  may  the  histogram  at  the  tmo  sprockets  during 
a  military  maneuver. 

From  such  histogram  obtained  from  actual  field  practice,  program  for 
operation  of  the  test  rig  can  be  generated.  Figure  14.  The  statistical 
data  are  reconverted  to  values  of  torques  and  speeds  as  a  function  of 
time,  which  are  used  as  desired  values  for  controlling  the  test  rig.  The 
desired  values  do  not  correspond  to  the  recorded  course  exactly;  however, 
from  the  statistic  point  of  view,  they  are  equivalent  to  reality.  From 
the  program  for  different  vehicle  missions,  a  representative  total  pro¬ 
gram  for  a  long  range  mission  can  be  derived.  It  Is  replayable  over  an 
unlimited  test  period  on  the  test  rig,  without  repetition  of  uniform 
phases  of  load  and  speed.  This  mode  of  operation  has  not  been  executed  so 
far,  but  it  is  feasible. 


Driving  Resistance  Simulation 


In  the  case  of  driving  resistance  simulation,  the  operator  at  the  control 
desk  is  replaced  by  a  driving  resistance  simulator.  Figure  15.  The  latter 
computes  the  desired  torques  corresponding  to  the  resistances,  dependent 
on  speed,  acceleration  and  -  if  applicable  -  radius  of  curvature. 


The  driver  in  the  vehicle  actuates  the  accelerator,  the  gear  stick,  the 
brake;  then  the  driving  resistance  as  the  external  load  occurs  automatic¬ 
ally  just  like  under  driving  conditions  on  the  road.  Of  course,  the  fac¬ 
tors  of  ao,  ai,  t2  and  b  must  be  preset  at  the  driving  resistance  simu¬ 
lator,  according  to  the  vehicle  and  terrain  data.  These  parameters  can, 
however,  be  changed  during  the  test  run,  for  example  to  simulate  the 
changing  inclination  of  the  road.  This  can  be  cosmmnded  to  the  test  stand 
control  system  from  outside  by  an  additional  driving  program. 


As  has  been  discussed  before.  In  an  easy  case,  the  turning  resistance  is 
controlled  by  hand.  For  circular  motion,  a  fixed  value  is  then  preset; 
only  the  Influence  of  speed  and  acceleration  on  driving  resistance  is  stmu 


lated.  By  presetting  turning  resistance  characteristics  according  to  char¬ 
acteristic  curves,  such  as  in  Figure  5,  for  instance  by  means  of  digital 
function  generators,  it  is  possible  to  simulate  the  turning  resistance  for 
a  given  vehicle  that  operates  on  a  given  road  or  on  homogenious  terrain. 

In  a  complete  driving  resistance  simulation  which  comprises  in  particular 
the  turning  resistance  as  a  complex  analytical  model,  the  driving  resist- 


ance  simulator  of  the  test  rig  is  overburdened.  Then  it  will  be  useful  to 
replace  the  driving  resistance  simulator  by  an  adequate  program  in  an  ex¬ 
ternal  computer.  Figure  16.  For  the  reason  of  accuracy,  it  will  then  be 
necessary  to  work  with  digital  output.  Therefore,  signal  converters  D/A 
and  A/D  are  to  be  used  between  the  analog  control  systems  of  the  test 
stand  and  the  digital  computer.  The  computer  treats  the  speed  data  and 
calculates  in  an  on-line  process  the  desired  values  for  the  torques  at 
the  two  sprockets.  Those  desired  values  are  in  general  not  constant  but 
are  subject  to  permanent  changes,  and  the  test  rig  control  system  in  a 
closed  loop  makes  sure  that  on  the  test  rig,  the  real  values  of  the  tor¬ 
ques  follow  the  desired  values  as  accurately  as  possible. 

In  this  mode  of  operation,  the  dynamic  behavior  of  locomotion  with  accel¬ 
erations  and  circular  path  can  be  simulated.  The  driver  can  freely  choose 
the  speed.  The  only  restriction  is  that  he  must  follow  a  given  course 
providing  a  fixed  dependence  of  the  rolling  resistance  parameters  on  the 
distance  travelled.  This  does  not  meet  the  requirements  of  cross-country 
locomotion,  in  which  the  course  may  be  chosen  in  any  direction  of  the 
whole  area. 

The  final  goal  of  development  for  the  test  stand  controls  Is,  therefore, 
locomotion  with  free  choice  of  speed  and  free  choice  of  course  in  the 
terrain.  To  that  purpose,  the  driver  must  be  able  to  see  the  terrain: 

This  is  shown  on  a  monitor  either  by  the  visual  scene  from  the  vehicle  or 
by  a  map  of  terrain  on  which  the  driver  sees  his  own  vehicle.  Selection 
of  speed  and  driving  direction  Is  up  to  the  driver.  The  computer  deter¬ 
mines  the  coordinates  of  the  tank  on  the  map,  calculates  the  driving  re¬ 
sistance,  and  considers  at  the  same  time  the  terrain  parameters  changing 
with  the  coordinates,  such  as  Inclination  or  solidity  of  the  ground.  Those 
parameters  of  terrain  must  have  been  stored  in  the  computer  as  a  map  of 
terrain.  This  kind  of  simulation  of  a  freely  selectable  cross-country 
course  offers  possibilities  of  investigating  the  dynamic  behavior  of  the 
tank  also  from  the  tactical  point  of  view. 

In  driving  simulation,  It  is  a  particular  advantage  that  determined  vehi¬ 
cle  parameters  can  be  changed,  thus  allowing  a  clear  demonstration  of 
their  influence.  As  an  example,  it  Is  possible  to  modify  the  vehicle  mass 
by  potentiometer  settings  and  to  Investigate  in  this  manner  the  influence 
of  the  specific  performance  (kM/tons)  on  mobility. 

It  should  be  noted  that  the  development  of  the  possibilities  of  simu¬ 
lating  the  turning  resistance  on  the  test  stand  has  not  come  to  a  close 
so  far. 

Testing  Possibilities 

The  spectrum  of  possibilities  for  test  and  simulation  with  steady-state 
control,  programed  constrol,  and  driving  resistance  simulation  has  been 
compiled  In  key  points,  in  Figure  17.  In  view  of  its  high  flexibility  and 
the  good  simulation  of  dynamic  loads  of  operation,  the  test  stand  system 
PA1SI  is  adequate  for  a  large  scale  of  tasks  In  research,  in  the  develop¬ 
ment  of  drive  trains,  in  trial  work  as  well  as  for  inspections  of  accept¬ 
ance  after  a  repair. 
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Fig.  1:  Power  and  Inertia  Simulator  (PAISI) 
with  a  test  vehicle 


Fig.  3:  Control  desk  and  view  to  the  test  stand 


Fig.  4:  Control  room  with  the  electronics  of  the  test  stand 
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Fig  17:  Spectn*  of  testing  possibilities 
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PROFILE  INFLUSS  AUF  W1DERSTANDS-  UNO  LENKKRXFTE  FRE I  ROLLENDER  REIFEN 
(INFLUENCE  OF  TYRE  TREAD  ON  RESISTANCE  -  AND  STEERING  FORCES  OF  TYRES) 

■i.  SCHWANGHART  UNO  K.  ROTT 

INSTITUT  FUR  LANOMASCHINEN.  TECHN.  UNIVERSITXT  MUNCHEN,  F. R. DEUTSCHLAND 


^There  are  numerous  publications  about  forces  on  tyres  acting  In  or 
against  travel  direction,  drawbar  pull  and  rolling  resistance,  but  /* 
only  a  few  about  lateral  forces  on  steered  tyres.  r 


A  test  equipment,  which  provided  a  wealth  of  information  of  lateral- 

and  travel  resistance  of  front  wheels  in  recent  years,  has  been  further  j 

de.eloped  for  testing  implement  tyres.  This  setup  is  mounted  rigid 

on  a  tractor  Unimog  and  provides  measurements  of  longitudinal  and  x 

lateral  forces  on  tyre  at  steering  angles  from  0°  to  30®  with  different 

load  up  to  1,3  t.  _ 

^  '  / 

To  determine  the  influence  of  tread  on  lateral  forces  of  steered  / 

tyres  there  have  been  made  experiments  with  implement  tyres  12,5/80-18 
8  PR  and  a  terra-tyre  with  the  same  diameter  but  greater  width 
(figure  4).  With  five  different  loads  and  steering  angles  from 
0°  to  30“  we  measured  the  lateral  force  and  rolling  resistance  on 
following  soils:  stubble  field,  cultivated  field,  meadows,  gravel 
and  cornfield  after  harvest.  Every  result  curve  is  plotted  as  a 
polynomial  regression  curve  (3.  degree)  using  35  test  points  for 
different  drift  angles  and  loads  (figure  11). 


The  tyre  tread  influences  the  lateral  force  coefficient  especially 
on  meadow  and  stubble  field.  The  Increase  is  between  25  X  to  70  X 
for  profiled  tyres  compared  with  unprofiled  tyres  at  30  drift  angle. 

The  deep  ribbed  tyre  generates  only  small  lateral  forces  at  small 
drift  angles  but  supports  the  highest  forces  at  greater  drift  angles.  j 

The  traction  profile  running  forward  mounted  gives  more  lateral  forces  j 

than  reversed  mounted.  The  terra-tyre  has  more  effect  on  plant  covered  j 

surfaces  than  on  smooth  ones.  1 

The  rolling  resistance  coefficient  is  with  profiled  tyres  on  average 
15  X  until  40  X  higher  than  with  unprofiled  tyres.  With  a  drift  angle 
of  15°  the  coefficient  of  rolling  resistance  is  0,15  -  0,22  at  gravel, 

0,18  -  0,27  at  meadow  and  stubble  field  and  0,25  -  0,32  at  cultivated 
t  field. 


The  results  of  these  investigations  enable  the  designer  of  off  road 
vehicles  to  determine! 


Required  front  axle  loadings  for  the  steering  behaviour  of 
tractors  (with  excentric  drawbar  pull). 

Material  forces  of  wheels,  axles  and  tyres. 

Energy  loss  by  rolling  resistance. 

Steerability  and  stability  of  tractors  on  slope  operation. 
General  ride  behaviour  of  tractor  (computer  simulation). 


a 

In  der  GelSndefahrt  und  besonders  bei  landwirtschaftlichen  Traktoren 
und  Anhangern  gewinnen  die  abstiitzbaren  Se  i  tenkriif  te  an  gelenkten 
Reifen  eine  immer  groBere  Bedeutung  [1  -  12].  Betm  Traktor  werden 

nicht  nur  hinten,  sondern  in  zunehmendem  Made  auch  vorne  Gerite  ange- 
baut,  die  erhdhte  Anforderungen  an  die  seitliche  Abstiitzf  Shi  qke  i  t 
der  VorderrSder  stellen.  £ln  Bei spiel  dafiir  sind  frontangebaute  Pf luge. 
Sowohl  bei  Anhangern  am  Hang  als  auch  bet  angehangten,  exzentrisch 
betasteten  Landmaschinen,  wie  z.B.  Rubenroder  in  der  Ebene,  mussen 
grofte  Seitenkrafte  ubertragen  werden.  Oer  Rol Iwiderstand  in  Fahrtrich- 
tung  soil  in  alien  Fallen  klein  sein. 

Um  fur  die  Konzeption  neuer  Maschinen  Anhaltswerte  fur  Seiten-  und 
Rol lwiderstandskrafte  zu  schaffen,  wurden  diese  an  Implement-Reifen 
mit  unterschiedUchen  Profilen  auf  verschiedenen  Bbden  bzw.  BodenzustSn- 
den  gemessen. 


2.  Versuchsgerat 

Bild  1  zeigt  die  Einzelrad-Versuchsapparatur  [2],  die  in  einem  starren, 
hinten  an  einem  Unimog  angebauten  Rahmen  gelagert  ist.  Das  lenkbare 
Rad  ist  uber  eine  Halbachse  kugelig  aufgehSngt  (Bild  2),  so  daB  es 
sich  frei  der  Bodenoberf lache  anpassen  und  ungestdrt  einsinken  kann. 
Die  Querachse  (2),  auf  der  die  Belastungsgewichte  (14)  aufgebracht 
werden,  ist  uber  zwei  Membranen  (4)  in  GehSuse  (3)  gelagert.  Oie  Seiten- 
kraft  quer  zur  Fahrtr ichtung  kann  mit  einer  KraftmeBdose  (10)  aufgenom- 
men  werden.  Die  Langskraft  bzw.  der  Zugwiderstand  wird  ebenfalls  Liber 
eine  KraftmeBdose  (11)  ermittelt,  welche  in  dem  Zugseil  (7)  zwischen 
MeBapparatur  und  Zugfahrzeug  eingebaut  ist. 

Mit  dem  Gerat  konnen  nach  Bild  3  bei  gegebener  Belastung  der  Rollwider- 
stand  R  in  Fahrtrichtung  und  die  Seitenkraft  S  senkrecht  zur  Fahrtrich- 
tung  gemessen  werden.  Die  KrSfte  werden  iiber  TrSgerf reguenz-NeBverstar- 
ker  und  einen  UV-Oszi 1 lographen  aufgezeichnet  und  auf  einem  Rechner 
weiterverarbeitet.  Dadurch,  daB  die  gesamte  MeBapparatur  mit  dem  Ver- 
suchsreifen  uber  den  starren  Anbau  an  die  Zugmaschine  in  eine  gerad- 
linige  Fahrtrichtung  gezwungen  wird,  ist  der  geometrische  Lenkwinkel 
gleich  dem  SchrSglaufwinkel . 


3.  Versuche 


Die  Widerstands-  und  SeitenkrSfte  wurden  an  den  vler  in  Bild  4  gezeig- 
ten  Implement-Reifen  12.5/80-18  8  PR*)  bei  einem  Luftdruck  von  1  bar 
mit  folgenden  Profilen  ermittelti 


z)  mit  Treibradprof i 1 

b)  Profil  mit  3  hohen  Rippen 

c )  ohne  Prof  1 1 

d)  Terra-Reifen  (breiter) 

e)  Treibradprof i  1  riickwSrts 


(traction  profil) 

(deep  ribbed) 

(nearly  rtbless) 

(terra- tyre) 

(traction  profil  reverse) 


•)  Die  Reifen  sind  dankenswerterweise  von  der  Flrma  Continental,  die 
Felgen  von  der  Flrma  lemmerz-Werke  zur  VerfUgung  gestellt  worden. 
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Der  Auflendurchmesser  der  Reifen  betrug  987  mm.  Ote  Belastung  vartierte 
In  funf  Stufen  von  1500  bis  8500  ft,  das  erglbt  ft <r  eine  maximale  Reifen- 
nennlast  von  13000  N  eine  Gewichtsauslastumj  von  11  X  bis  65  X.  Der 
Schraglaufwinkel  wurde  in  Schritten  von  5°^  von  0°  bis  Maximal  30° 
eingesteltt.  Oie  F ahrgeschwindigkeit  wkhrend  des  Versuchs  lag  bei 
1,4  km/h. 

Oie  folgenden  Slider  /eigen  die  versehiedenen  Versuchsfelder: 

Slid  5:  Wiese,  BHd  6:  Stoppelfeld,  Slid  7:  Acker  (gegrubbert)  und 
84 Id  8:  Kiesboden.  Oas  abgeerntete  Maisfeld  (ohne  Slid)  hatte  eine 
glatte,  feste  Oberfiache. 


4.  Versuchsauswertung 

In  Bltd  9  sind  die  Seitenkr,>' te  des  Reifens  mit  Treibrad-Prof i  1  in 
Abhangigkeit  vom  Schraglaufwinkel  aufgetragen.  Boden:  abgeerntetes 
Maisfeld.  Mit  steigender  Radlast  W  wird  aoch  die  abstiit/bare  Seitenkraft 
groBer.  Oie  MeBpunkte  wurden  durch  Regress ionskurven  mit  Polynome 
/wet ten  Grades  verbunden. 

Be/ieht  man  die  Seitenkrkfte  auf  die  jewelltge  Radlast,  so  ergeben 
sich  die  Kurven  in  Slid  10.  Hier  wurden  fiir  den  Kurvenver lauf  Polynome 
dritten  Grades  als  Regresstonskurven  verwendet,  da  der  gemessene  Verlauf 
fur  bestimmte  Boden  ein  Maximum  und  ein  Minimum  aufweist  und  ein  Poly- 
nom  dritten  Grades  hierbel  eine  bessere  Annkherung  aufweist. 

LiBt  man  eine  gewlsse,  bei  feldversuchen  unvermeidl iche  Streuung  der 
Werte  /u,  so  kann  man  eine  Regressionskurve  durch  alle  MeBpunkte  von 
S/W  in  AbhSnqigkeit  vom  Schraglaufwinkel  ermitteln  und  in  ein  Diagramm 
eintragen  (Bild  11).  Hierbel  1st  das  Ergebnis  von  35  E  in/elver  sue  hen 
mit  einem  Reifenprofil  bei  funf  unterschiedlichen  Belastungen  aufge- 
zeigt. 

In  derselben  Meise  wurden  die  Rol lwiderstandsmessungen  ausgewertet. 
Slid  1?  zeigt  den  Rol lwlderstand  in  Fahr'rlchtung  in  Abhangigkeit 
vom  Schraglaufwinkel  bei  versehiedenen  Radlasten.  Hoch  enger  als  bei 
den  Seitenkraften  fallen  diese  Kurvru  zusanmen,  wenn  man  den  Wlderstand 
auf  die  Radlast  bezieht  (Slid  13).  Die  Regressionskurve  fiir  alle  MeB¬ 
punkte  fiir  ein  Reifenprofil  auf  einem  Boden,  in  diesem  Beispiel  Mais¬ 
feld,  zeigt  Bild  14. 


5.  Erqcbnlsse 

Die  Bilder  15  bis  19  zeigen  den  Rollwiderstandsbetwert  der  verschieden 
profilierten  Reifen  auf  Stoppelfeld,  Wiese,  Acker,  Kiesboden  und  Mais¬ 
feld.  Hiermit  ))f6t  sich  z.B.  der  Rol  lwlderstand  der  hinteren  Lenkrkder 
eines  Mkhdreschers  bestimmen.  Bild  15  gilt  fUr  das  Stoppelfeld.  Der 
prof  1 llose  Reifen  hat  bei  grdBeren  Schrkglaufwinkeln  den  gerlngsten 
Wlderstand,  der  umgekehrt  montierte  Farmerreifen  einen  grdBeren  Wider- 
stand  als  der  richtig  montierte,  beide  khnlich  dem  breiteren  Terra-Rei- 
fen  und  der  Treibradrelfen  mit  den  hohen  Stollen  weist  den  grdBten 
widerstand  auf.  Xhnliches  zeigen  die  Bilder  IB  und  17  fiir  Wiese  und 
Acker.  Fiir  die  Wiese  ltegt  der  Rollwlderstandsbeiwert  bei  Geradeaus- 
Fahrt  0°)  unter  10  X,  beim  Acker  htther,  bis  nahe  70  X.  Oer  profil- 
lose  Reifen  hat  wieder  den  niedrigsten  Wert.  Entsprechend  sind  die 
Rollwiderstandsbeiwerte  fiir  Kiesboden  und  Maisfeld  in  den  Blldent 
IB  und  19  aufgetragen. 
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Oa  in  diesen  Oarstel lungen  die  Kurven  nahe  zusaramen  tiegen  und  Unter- 
schiede  beziiglich  Prof i 1  form  scbwer  zu  erkennen  sind,  1st  In  BUd 
20  der  unterschled  des  Rol lwiderstandsbeiwertes  der  einzelnen  Profilrei- 
fen  zum  profillosen  Reifen  fur  die  fiinf  Bodenarten  In  X  aufgetragen. 
Ole  Werte  gelten  fur  10°.  20°  und  30°  Schr4glauf. 

Wiese.  Stoppel-  und  Maisfeld  brtngen  die  grd6eren  Widerstandserhdhun- 
gen  gegenuber  dem  glatten  Re  1  fen,  der  sehr  trockene,  gegrubberte  Acker 
und  der  Kiesboden  wirkt  vielleicht  wie  elne  mit  “Kugeln"  bedeckte 
Ebene.  uber  die  sowohl  glatte  ats  auch  profilierte  Relfen  lelchter 
hinweg  gleiten.  In  den  meisten  Fallen  weist  der  breltere  Terrarelfen 
den  nledrigsten  Rol lwtderstand  unter  den  Profilrelfen  auf. 

Ole  seit lithe  Abstutzf Ahigkeit  verschiedener  Profile  zeigt  Bt Id  21 
fur  das  Stoppelfeld.  Bel  kleinen  Einschlagwinkeln  sind  meist  nur  geringe 
Unterschiede  zwischen  den  einzelnen  Profilrelfen,  Bel  elne*  Schraglauf- 
winkel  Uber  ?0°  kann  der  glatte  Reifen  a*  wenigsten  Seitenkrafte  ab- 
stiitzen,  er  "rutscht"  uber  die  Stoppeln,  das  Stol lenprof i 1  normal 
und  umgekehrt  montiert,  verhakt  sich  mehr  In  den  Stoppeln  und  der 
Hochprof < 1 -Reifen  erzeugt  die  grdSten  Seitenkrafte.  Sehr  hoch  sind 
die  Seitenkraftbeiwerte  auch  auf  der  Wiese  (BOd  22).  Dieser  Boden 
'Wiese*  1st  in  diesem  Fall  ein  mit  Gras  bepflanzter  Acker,  auf  dem 
das  Gras  zum  Unterpf  Kigen  angesat  wurde.  Das  Trelbrad-Prof i 1  erreichte 
Werte  uber  1.  Das  kann  nur  so  erkiart  werden,  daB  sich  das  Profil 
gewissermaflen  formschliisstg  zwischen  den  Grasbiischeln  verankert.  Aber 
auch  der  Terrarelfen  errelcht  hohe  Seitenkraftbeiwerte.  Dlese  bleiben 
jedoch  konstant,  wenn,  wie  auch  beim  profil losen  Reifen.  die  gesamte 
Aufstandsf  lache  "abgeschert"  1st.  Anders  zeigt  sich  das  Verhalten 
des  Reifens  mit  den  drei  hohen  Ringprofilen  (deep  ribbed). 

In  den  meisten  Fallen  entwickelt  dieses  Profil  bet  kleinen  Schragstel- 
lungen  zunSchst  geringere  Seitenkrafte,  bei  groQen  Schriglaufwinkeln 
jedoch  immer  noth  anstetgende  Settenkrafte.  Das  Profil  1st  gut  fur 
entreme  Beanspruchungen. 

Fast  nur  halb  so  grofl  wie  auf  der  Wiese  sind  die  Seitenkraftbei werte 
auf  dem  trockenen,  gegrubberten  Acker  (Bild  23). 

Ahnlich  1st  das  Seltenkraftbeiwerts-Diagranm  fUr  Kiesboden  (Bild  24) 
und  Maisfeld  (BUd  2S)  auszuwerten.  Wenn  die  gesamte  Flache  auf  Kies 

bzw.  feuchte*  glatten  Boden  zwtschen  den  Maispflanzen  abschert,  steigt 

die  Seitenkraft  auch  bei  grdBeren  Schraglaufwinke In  nicht  mehr  an. 

Die  Bereiche,  in  die  die  Kurven  der  Se i tenkraf tbeiwerte  aller  untersuch- 
ten  Reifen  ohne  Rucksicht  auf  Profil  fur  eine  bestimmte  Bodenart  fal¬ 
len,  sind  in  BUd  26  etngetragen.  Die  Seitenkraftbeiwerte  sind  bei 

Wiese  und  Stoppelfeld  am  hdchsten  und  steigen  auch  bet  grdBeren  Schrag- 
laufwinkeln  noch  leicht  an.  Fur  gegrubberten,  trockenen  Ackerboden 
sind  die  abstutzbaren  Seitenkrafte  am  geringsten,  aber  immer  noch 

ca.  50  t  der  Radlast  bei  grofien  Einschlagwinkeln.  Auf  Kiesboden  und 
Maisfeld  steigt  der  Settenkraftbeiwert  rasch  auf  0,4  bis  0,5  bei  10° 
Schraglaufwinke I  an,  andert  sich  aber  dann  bei  grbBeren  Einschlagwin¬ 
keln  kaum  mehr. 

Ole  Ergebnisse  bezuglich  der  Prof  i  lunterschiede  sind  in  BUd  27  zusam- 
mengefafit.  Ole  Balkendiagranme  zeigen  fur  die  verschiedenen  Bttden 
und  fur  Schraglaufwinke)  von  10  bis  30°  die  prozentuale  VerXnderung 
des  Seitenkraftbeiwertes  S/W  der  einzelnen  Profilrelfen  gegeniiber 
dem  unprof  1 lierten  Reifen. 

Oeutlich  1st  zu  erkennen,  dafi  die  prof  1  lierten  Reifen  nur  auf  der 
Wiese  und  auf  dem  Stoppelfeld  wesentlich  mehr  Seitenkrafte  aufbrlngen 
kdnnen  als  ein  glatter  Reifen.  Ursache  dafiir  kttnnte  eine  gewisse  “form- 
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schlussige  Verzahnung"  zw tschen  Pflanzen  und  Reifenprofil  sein.  Auch 
hier  wird  wieder  deutltch,  daB  der  Hochstol lenrei fen  bei  geringen 
Schraglaufwinke  In  kleine  Seitenkrafte,  aber  mit  wachsendem  Winkel 
lamer  grbBere  Seitenkrafte  abstiitzen  kann. 

In  alien  Fallen,  nit  Ausnahme  vow  feuchten  Maisfeld,  1st  das  Treibrad- 
profil  mit  vorgeschriebener  Laufrichtung  montiert  (Spur  besteht  aus 
ruckwirts  gerichteten  Pfeilen)  vortet lhaf ter  als  1*  gegen  die  Laufrich- 
tung  montierten  Zustand. 

Der  Terra-Reifen  schneidet  bei  pf lanzenbedeckter  Oberflache  gut  ab, 
bringt  aber  keine  nennenswerten  Vorteile  auf  glatter,  krijmeliger  bzw. 
kiesbedeckter  Bodenoberf lache. 

Im  feuchten  Maisfeld  sind  sdmtliche  Profilreifen  bei  kleinen  SchrSglauf- 
wlnkeln  ungunstiger  als  der  glatte  Reifen.  Vermutlich  uberwiegt  dabei 
die  Adhasion  der  groBen,  glatten  Fiache  des  unprof  1  Her  ten  Reifens, 
bis  bei  grdBeren  Schraglaufwinkeln  die  Profile  durch  ihre  Kanten  mehr 
in  den  Boden  eindr ingen  und  dadurch  grbBere  Krafte  abstiitzen  kttnnen. 

Bezieht  man  die  Seitenkraft  auf  den  Rol Iwiderstand,  so  ergibt  dies 
eine  Art  Wirkungsgrad,  d.h.  ein  hoher  Quotient  aus  S/R  zeigt  eine 
gute  Ausnutzung  des  Reifens  fur  die  "Seltenabstutzung*  an.  Oieser 
Quotient  1st  in  |i)d  29  fur  alle  Reifen  und  Bbden  in  Abhangigkeit 
vom  Schriglaufwinkel  aufgetragen.  Da  bei  Ot  *  0°  keine  Seitenkraft 
**ohl  aber  ein  Rol Iwiderstand  vorhanden  i st ,  beginnen  alle  Kurven  im 
Ursprung.  Zwischen  5°  und  10°  tritt  in  alien  Fallen  das  Maximum  auf, 
welches  beim  Acker  bei  S/R  *  1,5  und  bei  den  anderen  Boden  bei 
S/R  *  2,5  bis  4,5  liegt.  Oies  zeigt  an,  daB  im  VerhHltnls  zur  aufge- 
wandten  Widerstandskraft  in  Fahrtrichtung  alle  Reifen  zwischen  5° 
und  10°  Schraglauf  den  grOBten  Seitenkraf teffekt,  also  den  besten 
“Ausnutzungsgrad  bzw.  Wirkungsgrad"  beziiglich  seitlicher  Abstutzfa- 
higkeit  haben. 

6.  Zusammenfassunq 

wahrend  es  zahlreiche  Verbffentlichungen  iiber  Krafte  am  Reifen  in 
nachgtebigem  Boden  in  Fahrtrichtung,  also  iiber  Trtebkrdfte  und  Rollwi- 
derstande  gibt,  finden  sich  noch  wenige  Arbeiten,  die  die  Krafte  senk- 
recht  zur  Fahrtrichtung,  also  Seitenkrafte,  behandeln. 

Eine  in  fruheren  Untersuchungen  bewdhrte  Einzelrad-Versuchseinrichtung 
wurde  fur  Messungen  an  nichtangetr tebenen  Implement-Reifen  fur  Acker - 
wagen  und  landwirtchaftliche  Arbei tsmaschinen  und  Gerate  weiterent- 
wickelt.  Diese  Versuchseinrichtung  wird  an  einem  Traktor  Typ  Unimog 
hinten  starr  angebaut.  Es  kbnnen  bei  lenkeinschiagen  von  0  bis  30° 
und  Radlasten  bis  zu  1,3  t  die  auf  den  Versuchsref fen  wirkenden  langs- 
und  Seite  ikrafte  gemessen  iwerden. 

Zur  Ermittlung  des  Prof  i  letnf  lusses  auf  die  iibertragbare  Seitenkraft 
im  gelenkten  Zustand  wur den  Reifen  12,5/80-18  8  PR  und  ein  Terra-Reifen 
gleichen  Durchnessers  jedoch  grdflerer  Breite  mit  den  Profilen  nach 
Bild  4  verwendet.  An  Jedem  Reifen  wurden  bet  fiinf  unterschiedlichen 
Belastungen  und  Einschlagwinkeln  von  0  bis  30°  die  Wlderstandskrdfte 
in  Fahrtrichtung  und  die  Seitenkrafte  auf  folgenden  Bbden  gemessen: 
Stoppelfeld,  gegrubberter  Acker,  Wiese,  Kiesboden  und  abgeerntetes 
Maisfeld.  Oie  Widerstandskraft-  und  Seitenkraf tbeiuerte  wurden  dadurch 
ermlttelt,  daB  durch  35  Mefipunkte  fiir  verschiedene  Schraglaufvrinkel 
und  unterschiedliche  Radlasten  eine  Regress ionskurve  mit  einem  Polynon 
dritten  Grades  gezogen  wjrde. 
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Das  Reifenprofil  beetnfluBt  die  Seitenkraftbetwerte  (Seitenkraf t/Rad- 
last)  vornehmlich  bei  den  Bbden  Wiese  und  Stoppelfeld. 

Die  abstutzbaren  SeitenkrXfte  Sind  bei  den  profilierten  Reifen  gegen- 
uber  dem  glatten  Reifen  bei  e t net*  Einschlagwinkel  von  30°  um  25  bis 
70  t  hbher.  Das  typische  Lenkreifenprof i 1  mit  zwei  ttefen  Rundu«-Ri 1 len 
(deep  ribbed)  erzeugt  bei  geringen  SchrXglaufwinkeln  zwar  kleinere 
Sei tenkrjf te,  kann  aber  bei  groflen  Schriiglaufwinkeln  die  grbflten  Seiten¬ 
kraf  te  abstutzen.  Das  Treibradprof i  1  ist  in  fast  alien  Fallen  in  lauf- 
richtung  richttg  montiert  vortei  lhafter  als  riickwSrts laufend  montiert. 
Der  Terra-Retfen  schneidet  bei  pf lanzenbedeckter  Oberfliche  gut  ab, 
bringt  aber  keine  nennens*erten  Vortei  le  auf  glatter  Bodenoberf  ISche. 
Die  Fahrwiderstandsbeiwerte  (LSngskraft/Radlast)  sind  in  fast  alien 
fallen  fur  profilierte  Reifen  fin  Mittel  um  15  bis  40  X  hbher  als  bei 
dem  unprof  i  lier ten  Reifen.  Sie  sind  bei  15°  Schriiglaufwinkel  fur  Kies 
0,15  bis  0.22,  fiir  Wiese  und  Stoppelfeld  0,18  bis  0,27  und  fiir  gegrub- 
berten  Acker  0,25  -  0,32. 

Die  Ergebnisse  dieser  Seitenkraft-  und  Rol Iwiderstandsmessungen  an 
Implement-Reifen  mit  unterschiedlichen  Profilen  sind  nijtzlich  fur 
die  Berechnung  von: 

1.  notmendiger  Vorderachslast  fiir  das  Lenkverhalten  von  Traktoren 
(schrager  Zug); 

2.  Materialbelastungen  von  Ridern,  Achsen  und  Reifen; 

3.  notwendtger  leistung  zur  Uberwindung  des  Rol lwiderstandes  der 
Schleppervorderachse  bzw.  der  Hinterachse  beim  Mahdrescher; 

4.  Lenkfahigkeit  und  Stability  von  Traktoren  und  AnhSngern  ant 
Hang; 

5.  a  1 1 geme i new  Fahrverhalten  des  Traktors  (Computer-Simulation). 
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Bi  Id  1;  Gesamtansicht  des  Traktors  unimog  mit  an- 
gebautew  Seitentraft-MeSgerat. 

Total  view  of  the  tractor  Unimog  with  mounted 
lateral  force-test  setup. 
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Bi  Id  ?i  Schematische  OarsteHung 
der  Versuchsetnnchtung  zur  Mes- 
sung  der  Seitenkraft  und  des  Roll- 
widerstandes  etnes  Reifens. 

Test  setup  (schematic)  for  measure 
ment  of  lateral  force  and  rolling 
resistance  of  a  tyre. 
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Bi  Id  3:  Einze lrad-Nefl«»nrichtun$  fiir  gelenkte 
fteWen.  kteBgrdflen:  Radlast  W,  Seitenkraft  S  und 
Rol Iwiderstand  R  In  Fahrtrichtung. 

Single  wheel  tester  for  steered  tyres. 


Bi  Id  4 ;  Versuchsreifen:  Treib- 
radre 5 fen,  Hochstol lenreifen, 
nahezu  prof i) loser  Re i fen  und  Terra 
Re i fen . 

Test  tyres*  traction  profile, 
deep  ribbed,  nearly  ribless  and 
Terra- tyre. 
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Bi  Id  5i  Ansicht  des  Stoppelfeldes. 
View  on  stubble  field. 
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Schraglauf  wmkel  On  ft  Angle 


Bi Id  9i  Settenkrafte  in  Abhingigkeit  vo*  Schrig- 
TauTwTnkel  m  Treibradreifen  bei  verschiedenen 
Radtasten. 

Relationship  between  lateral  forces  and  drift 
angle  of  traction  tyre  at  different  load. 
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Schrdgiaufwnkai  Orift  Angle 
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SchrtiglQufwinM  Orift  Angle 


Bild  10i  Die  auf  das  Gewicht  K  beto-  B1 Id  1 i »  Mittlerer  Seitenkraftbeiwert 
gene  Seitenkraft  S  in  Abhinglgkett  S/W  i n  Xbhlngtgkett  vo*  SchrUglauf- 
vow  Schriglaufwtnkel  fiir  die  Kurven  winkel  nach  Punkten  und  Kurven  in 
aus  Bi Id  9.  Bi Id  10. 


lateral  force  S  referred  to  load  W 
in  relationship  to  drift  angle  for 
the  curves  in  figure  9. 


Mean  lateral  force  coefficient  S/W 
as  a  function  of  drift  angle  using 
the  points  and  curves  of  figure  10. 
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Schrdglaufwnkat  Orift  Angle 


Bild  12;  Rollwlderstand  des  Treibradretfens  in 
tbKXngTgkei t  vom  Schrkglaufwinkel  bei  verschiede- 
nen  Radlasten. 

Relationship  between  rolling  resistance  and  drift 
angle  of  traction  tyre  at  different  load. 


SdrtgloofwinW  Drift  Angle  SchrdgtaufwinM  Drift  Angle 


Bild  13>  Rol lwider stand  R  nach 
Olid  12,  bezogen  auf  die  Rad- 
last  U  in  Abhlnglgkett  von 
Schriglaufwinkel . 

Relationship  between  rolling 
resistance  eoeff.  of  traction 
tyre  and  drift  anale  at  different 
load  fro*  figure  1?. 


Bild  14 1  Mlttlerer  Rol lwiderstands- 
beiwert R/W  In  Abhkngigkeit  von 
Schrkglaufwlnkel  nach  Punkten  und 
Kurven  aus  Slid  13. 

Mean  rolling  resistance  coeff.  as  a 
function  of  drift  angle  using  points 
and  curves  of  figure  13. 
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0  1<J*  20“  30*  0  10*  20*  30* 


Schrdgtoufwinkal  Drift  Angle  Scbrdglaufwnkat  Drift  Angle 


Btld  18:  Rollwtderstandsbeiuert  011dl9j_  Rol  Iwlderstandsbetwert  In 

verschfedener  Reifen  in  Abbingig-  AbhSngfgkeit  vo*  Schriglaufwinkel 
keH  vom  Schrliglaufwinkel  auf  Kies-  auf  abgeerntetea,  feuchten  Matsfeld. 

tK><len*  Rolling  resistance  coeff.  In 

Roliing  resistance  coeff.  in  relation  to  drift  angle, 

relation  to  drift  angle. 


81  Id  20>  Pro/entuale  Unde rung  des  Rol Iwlderstandsbe Inertes  R/W  von 
prof  nier  ten  Ret  fen  gegenUber  dm  profillosen  Ret  fen  auf  verschle- 
denen  Bbden  bei  unterscMedlichen  Schrlglaufuinkeln. 

Percentage  Increase  of  rolling  resistance  coefficient  of  profiled 
tyres  coopered  with  ribless  tyre. 
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Schrdglaufwinkal  Drift  Angle 


Bi  Id  21:  Seitenkraftbe inert  S/M  verschiedener 
ftelfen  In  AbhSnqtgkel t  von  Schrliglaufninkel  auf 
einen  Stoppelfeld. 

Lateral  force  coeff.  In  relation  to  drift  angle. 


Schr&glaufwinM  Drift  Annie 


Bild  22:  Seitenkraftbeiwert  ver- 
scMectener  Re  1  fen  in  Abbdngigkeit 
vow  SchrUglaufwinkel  auf  einer  Miese. 

Lateral  force  coeff.  in  relation 
to  drift  angle. 


Bild  23:  Seitenkraftbeiwert  ver- 
»c hiede ner  Re i fen  in  AbHXnglgkett 
von  SchrXglaufvinkel  auf  einen 
gegrubberten  Acker. 

Lateral  force  coeff.  In  relation 
to  drift  angle. 
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SchrdgloufwinW  Drift  Angle  ScfrttglaufwinW  Drift  Angle 


BHd  24:  Set  tenkraf  tbelwert  ver-  Bi  Id  25:  Seitenkraftbeiwert  ver- 

schiedener  Reifen  in  Abhangigkeit  scMedener  Reifen  in  Abhangigkeit 

VOn  Schraglaufwinke)  auf  Kiesboden.  von  Schraglaufwtnkel  auf  einem 

,  ,  ..  .  .  . ,  „  abgeernteten,  feuchten  Maisfeld. 

Lateral  force  coeff.  in  relation  to  ^ 

drift  angle.  Lateral  force  coeff.  in  relation 

to  drift  angle. 


SctrttglaufvinM  Drift  Angle 


gild  |tt  Seitenkraftbeiwert  S/W  tiler  hier  geteste- 
ten  profilierten  Reifen  und  des  profillosen  Reifens 
in  Abhangigkeit  vat  Schraglaufwinkel  auf  verschiede- 
nen  Bdden. 

Lateral  force  coeff.  of  all  tested  tyres  In  relation 
to  drift  angle  at  different  soils. 
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Schraglaufwmket  Drift  Angle 


Bi Id  27;  Prozentuale  Xnderung  des  Seitenkraftbeiwertes  S/W  von 
pro7TTTerten  Relfen  gegeniiber  d eat  profit losen  Relfen  auf  verschie- 
denen  BOden  bcl  unterschiedl ichen  SchrBglaufwinkeln. 

Percentage  Increase  of  lateral-force  coefficient  of  profiled  tyres 
compared  with  ribless  tyre. 


BI Id  28 i  Verhlltnis  der  Seitenkraft  zu  Roltwider- 
stand  S/R  alter  getesteten  Relfen  in  Abhlngigkeit 
vo»  Schrlglaufwinkel  auf  verschiedenen  Bdden.  Oie 
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THE  nnJUDKZ  OF  THE  TYRE  TREK)  CM  THE  ROLLING  RESISTANCE  NO  STEERING 
FORCES  CM  UORIVSI  WC&£ 


H.  SOMNCHMCT  and  K.  ROTT 

Demur  fOr  LNOMecHDW,  issti.  unvERSirfe  mOnchbj,  f.r.  dbotschlno 


(Translated  by  Hina  G.  Bat— nr,  NIAE,  Sllaoe,  England) 


sawMCf 

There  are  n— cue  publications  about  faro—  an  tyres  acting  In  or  against 
travel  direction,  drawbar  pull  and  rolling  resistance,  but  only  a  few  about 
lateral  Coco—  an  at  eared  tyres. 

A  test  equlfaent,  which  provided  a  wealth  at  inf  creation  of  lateral  and 
travel  resistance  of  front  wh— la  In  reoant  years,  h—  been  further  devel¬ 
oped  for  testing  lapl— ant  tyres.  This  astup  Is  an— tad  rigid  on  a  trac¬ 
tor  Uhlnog  and  provld—  eassur— ants  of  longitudinal  and  lateral  Coco—  on 
tyre  at  steering  angl—  free  0*  to  30*  with  different  load  up  to  1 .3  t. 


TO  determine  the  influ— ce  of  tread  on  lateral  Coco—  of  steered  tyres 
there  have  be—  aade  experiments  with  lap)— ant  tyr—  12.5/80-18  8  PR  and 
a  terra-tyre  with  the  aaea  rll— etar  but  grastsr  width  (Fig.  4) .  With 
five  different  loads  and  ateerlng  angl—  free  0*  to  30*  we  a— anted  the 
lateral  faros  and  rolling  resistance  on  the  following  soils:  stubble 
field,  cultivated  field,  eaadowe,  gravel  and  oornfleld  after  harvest. 

Every  result  cur—  Is  plotted  —  a  polynomial  rag— Ion  cur—  (3  degree) 
using  35  test  points  for  different  drift  angles  and  loads  (Fig.  11) . 

The  tyre  tread  influ— a—  the  lstarml  foe—  coefficient  especially  on 
e— dotr  and  ettfcbls  field.  The  incraa—  Is  babes—  25%  to  701  for  profiled 
tyr—  ooapsred  with  «n profiled  tyr—  at  30*  drift  angle.  The  deep  ribbed 
tyre  9— erst—  only  —all  lateral  Coco—  at  —all  drift  angl—  but  aupports 
the  hipest  Coco—  at  groat—  drift  angl— .  Hie  traction  profile  running 
forward  nomad  gl— s  sacs  lateral  foco—  than  — read  nountsd.  the 
terra-tyre  h—  ante  effect  cat  plant  00— d  aurfao—  th—  on  —ooth  on—. 


Tha  rolling  raaistanoa  cosfflelant  Is  with  profiled  tyr—  an  average  15% 
—til  401  high—  th—  with  —profiled  tyr—.  With  a  drift  angle  of  15* 
the  coefficient  of  rolling  r— iatanoa  is  0.15-0.22  at  grave 1,  0.18-0.27  at 
aaarVir  and  atthble  field  and  0.25-0.32  at  cultivated  field. 

The  results  of  tha—  Investigations  enable  tha  deal?)—  of  off  road 
— hid—  to  dot 


Required  front  aids  leadings  for  tha  steering 
(with  soo— trie  dim  ben  pull) . 

Material  foco—  of  thsals,  aides  — d  tyr—. 


iMhsvlour  of  tractors 


Energy  Lou  by  rolling  resist— os. 
Steerability  and  stability  of  tract 
G— seal  rids  behaviour  of  tractor  ( 


—  slops 


Cw1  •  v 

'fSw* l  fat 
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1.  Introduction 

The  lateral  forces  which  can  be  eupported  on  steered  tyres  ere  of  Increas¬ 
ing  Importance  in  cross  oouitxy  transport  and  saoecially  in  the  use  of 
agricultural  tractors  and  trailed  lapl  amenta  d-1*) .  Increasingly  lapis- 
aents  are  being  Mounted  on  tractors  not  only  behind  but  also  in  front, 
which  increases  the  -1  amends  on  the  lateral  support  capacity  of  the  front 
wheels.  FTcnt  acuited  plougia  era  an  exaaple  of  this.  Large  lateral 
foxoaa  suet  ba  trwlttad  for  trailed  implements  operating  on  a  slope  and 
also  for  eocantricelly  loaded  trailed  agricultural  machines ,  e.g.  beet 
lifters  operating  an  flat  land.  The  rolling  resistance  in  the  direction 
of  travel  riwuld  be  kept  mall  in  all  cease. 

In  cedar  too  provide  reference  values  far  lateral  and  rolling  resistance 
forces  which  aey  be  used  in  the  design  at  naw  aachinaa,  forces  ears 
assented  an  lsp)— nt  tyres  with  various  treads  an  different  soils  or 
ground  aanditlans. 

2.  Test  rig 

Pig.  1  shoMB  the  single  wheel  teeter*2*  which  is  posltlcnsd  In  e  frame 
nounted  rigidly  behind  e  Uhlaog  tractor,  the  steerable  wheel  la  suspen¬ 
ded  in  e  ball  joint  above  a  half -shaft  (Pig.  2)  so  that  it  can  adapt  too 
the  aoil  surface  and  sink  in  freely,  the  transverse  axis  (2) ,  onto  which 
the  ballast  weights  (14)  ere  attached,  is  positioned  about  two  diaphragm 
(4)  in  the  casing  (3) .  The  lateral  force  parpandlcular  to  the  direction 
at  travel  can  ba  esaeurerl  with  a  load  call  (10) .  the  horlacntal  force  or 
rolling  resistance  la  also  dstaainad  with  a  load  cell  (11) ,  which  is  set 
in  the  bowing  crisis  (7)  batwean  the  measuring  apparatus  and  the  towing 
vehicle. 

the  teeter,  as  shown  in  Pig.  3,  can  be  used  to  amweure  the  rolling  resis¬ 
tance  R  in  the  direction  at  travel  and  the  lateral  force  8  perpendicular 
to  tha  direction  of  trawl  for  a  given  load,  the  f cross  are  reported  via 
carriar-freqM— y  -  teat  amplifiers  and  a  W-oecll  Ingres  and  processed 
further  by  ocaputer.  the  gacmetrlc  steering  angle  la  equal  to  the  drift 
angle  because  the  whole  test  rig  with  the  test  tyres  is  forced  too  travel 
in  e  straight  Una  baosuea  of  its  rigid  attoachesnt  to  tha  towing  vehicle. 


3-  S*£ 


tha  raalatanoe  and  lateral  toon  wan  determined  cn  tha  four  implement 
tyras  shown  in  Pig.  4,  12. S/80-18  8  PH*  at  an  air  presaura  of  1  bar  with 
tha  following  treads » 

a)  traction  tread 

b)  treed  with  three  deep  ribs 

c)  untreaded 

d)  Terra-tire  (wlderl 

e)  reversed  traction  tread 


kindly 
by  tha  La 


la  awallrihle  by  the  Qcntlnantal 


•The  tyree 
the  tyre  r 
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The  external  dl  —ter  of  the  tyres  mb*  987  set.  The  loading  varied  in 
five  steps  between  1500  and  8500  N,  which  gives  a  wai£tt  loading  of 
listrsn  lit  and  €54  for  a  eaxUai  tyre  ncalnal  load  of  13  000  N.  The 
drift  angle  was  adjusted  in  stages  of  5*  free  0*  up  to  a  aaxii»  of  30*. 
the  forward  apaad  during  the  tost  was  1.4  taa/h. 

His  following  figures  ahow  the  various  test  fields: 

Pig.  5 1  assdow,  Pig.  6:  stubble,  Pig.  7 »  arable  (cultivated)  and  Pig.  8: 
gravel,  the  harvested  seize  field  (no  Pig.)  had  a  wroth  fire  surface. 

4.  Test  evaluation 

Pig.  9  dtw s  the  lateral  foroae  of  the  tyre  with  the  traction  treed  in 
relation  to  the  drift  angle.  Ground  conditions  «  harvested  anise  field, 
the  lateral  force  to  be  appocted  alao  baocana  greeter  with  Increasing 
wheel  i«ed  W.  the  — eeuring  points  were  linked  by  t  egress  ion  curves  with 
polynoalale  of  the  second  degree. 

If  the  lateral  forces  are  related  to  the  respective  wheel  load,  than  the 
curves  ehowi  in  Pig.  10  ere  obtained,  (ten  polyneniale  of  the  third 
degree  wen  need  as  the  regress  1m  curves,  as  the  eeeeuml  curve  shows  a 
-«i—  and  a  alnhaai  for  specific  soils)  a  polynomial  of  the  third 
degree  thus  gives  a  better  ^pctadaetlcn.  If  a  oartain  deviation  of  the 
values  -  as  is  vnevoidbbla  in  field  testa  -  la  penal tted,  than  a  ngrea 
slon  curve  can  be  detaasdnad  thxoutfi  all  the  anaeund  points  from  8/W  in 
relation  to  the  drift  angle  and  incorporated  in  e  dlsgna  (Pig.  ID . 

This  Shows  the  results  of  35  individual  tests  for  a  tyn  tread  with  five 
different  loads. 

Hie  rolling  resistance  aaasureaeite  wen  evaluated  in  the  sane  way.  Pig. 
12  ahowe  the  rolling  resistance  In  the  direction  of  travel  In  relation  to 
the  drift  angle  with  different  wheel  loads.  These  oaves  coincide  sore 
closely  than  those  far  the  lateral  foroae,  if  the  raaisUnoe  is  related  to 
the  wheel  load  (Pig.  13) .  Pig.  14  ahowe  the  regression  curve  for  ell  the 
aaasurlng  points  for  a  tyre  tread  an  a  soil,  in  this  maple,  a  seise 
field. 


5.  haaulta 

Pigs.  15  to  19  ahow  the  rolling  resistance  coefficient  of  tyres  with 
various  treads  on  stubble,  aaadow,  cultivated  field,  gravel  and  seise 
field.  Using  these  one  can  datexsdne,  for  ample,  the  rolling  resist¬ 
ance  of  the  rear  steered  wheels  of  a  oenbint  harvester.  Pig.  15  Is  valid 
for  the  stubble  field.  The  mtraadad  tyn  bee  the  lowest  resistance  with 
increasing  drift  angle,  and  the  traction  treed  tyn  aouitad  nwsmly  has 
e  greeter  resistance  than  the  tyn  correctly  smarted)  both  of  than  tyne 
an  similar  to  the  wider  harra-Tlree.  The  traction  trend  tyres  with  the 
daap  cleats  Adw  tha  greatest  resistance.  Pigs.  18  and  17  ahow  the  ane 
for  the  aaadow  and  cultivated  lend.  Man  driving  strmi^rt  ahead 
(«  ■  0*)  the  rolling  resistance  coefficient  for  the  aaadow  is  lan  that 
10%,  and  hitter  for  the  cultivated  land  up  to  alaost  20%.  The  untended 
tyres  a^pln  have  tha  leant  value.  The  oomapcndlng  rolling  resistance 
coefficients  for  gravel  and  vein  field  an  glvm  in  Pigs.  18  end  19. 

he  in  ttan  fleune  the  aurves  in  alaost  tonthar  and  diffnnon  in  the 
tread  fota  an  difficult  to  distinguish,  the  diffarvm  in  %  of  rolling 


resistance  coefficient  of  individual  tread  tyres  oonparad  with  the 
untreaded  tyres  is  given  in  Fig.  20  for  the  five  soil  types.  The  values 
are  valid  for  drift  angles  of  10*,  20*  and  30*. 

Meadow,  stubble  and  anise  fields  give  the  greater  resistance  Increases  in 
comparison  with  the  mcoth  tyre.  The  very  dry,  cultivated  field  and 
gravel  surface  act  in  the  sane  way  perhaps  as  a  flat  surface  covered  with 
“spheres",  over  which  both  Booth  and  treaded  tyres  pass  more  easily.  In 
the  majority  of  cases  the  wider  Terra -Tires  have  the  lowest  rolling  resis¬ 
tance  after  the  treaded  tyres. 

Fig.  21  shows  the  lateral  support  capacity  of  various  treads  cn  the  stubble 
field.  There  are  generally  only  nail  differences  between  the  individual 
treaded  tyres  with  nail  steering  angles.  With  a  drift  angle  of  sore  than 
20*,  the  ncoth  tyre  has  the  least  ability  to  support  lateral  forces 
because  it  "slides"  over  the  stubble;  with  the  traction  tread  mounted  nor¬ 
mally  and  reversely,  tread  penetration  In  the  stubble  is  greater  and  the 
deep  treaded  tyre  produces  the  greatest  lateral  forces.  The  lateral  farce 
coefficients  are  also  wary  high  cn  the  iwaifcst  (Fig.  22) .  The  soil  type 
labelled  "meadow"  is  in  this  instance  arable  land  planted  with  grass  which 
is  to  be  plou^ied  in.  The  traction  tread  obtained  values  of  more  than  1 . 
This  can  only  be  explained  by  the  fact  that  the  tread  beocems  caught  in 
the  grass  tufts,  giving  a  binding  effect  with  the  surfaoe.  But  even  the 
Terra-Tires  hove  hl^i  lateral  force  coefficients.  These,  however,  remain 
constant  whan  the  total  contact  area  is  "sheared  off",  which  also  occurs 
with  untreadad  tyres.  The  behaviour  of  the  tyre  with  the  three  deep  ring 
profiles  (deep  ribbed)  Is  different  to  this. 

In  most  oaaes  this  tread  first  develops  nasller  lateral  forces  tilth  email 
drift  angles;  with  large  drift  angles,  however,  the  lateral  forces  still 
increase.  The  tread  la  optima)  far  extrsem  conditions. 

The  lateral  force  coefficients  cn  the  dry,  cultivated  soil  are  lees  than 
half  as  great  am  on  the  aaadow  (Fig.  23) . 

The  lateral  force  coefficient  diagram  for  gravel  (Fig.  24)  and  the  maize 
field  (Pig.  25)  can  be  evaluated  similarly.  If  the  total  surface  on  the 
gravel  or  dBp  Booth  soil  shears  off  between  the  maize  plants,  the  lateral 
force  no  longer  Increases  even  with  increasing  drift  angles.  Fig.  26 
shows  the  areas  In  thich  the  curves  of  the  lateral  force  coefficients  of 
all  the  tyres  tested  fall  for  a  oertain  type  of  soil  without  regard  to  the 
tread.  The  lateral  force  coefficients  are  highest  for  the  nsedai  and 
stubble  field  and  are  easily  increased  swan  with  greater  drift  angles. 

The  lateral  forces  to  be  supported  are  least  for  the  cultivated,  dry  soil, 
but  still  approximately  501  of  the  load  with  large  drift  angles.  The 
lateral  force  coefficient  increases  quickly  frem  0.4  to  0.5  at  a  10*  drift 
angle  cn  gravel  soil  aid  mails  field,  but  than  hardly  changes  with  larger 
drift  angles. 


The  results  with  regard  to  tread  differences  are  auwaarlaad  in  Fig.  27 
The  bar  graphs  show  the  percentage  change  of  the  lateral  force  coefficient 
S/m  of  the  individual  treaded  tyres  in  ocayaiiaon  with  the  untreadad  tyres 
for  the  varioue  aoils  and  for  drift  aiglas  from  10  to  30 

It  can  clearly  ha  saw  that  the  treaded  tyres  can  only  produce  ai^iiftc 
antly  more  lateral  forces  than  tha  Booth  tyre  on  the  a 
stubble  field.  One  cause  of  this  may  be  a  oertain  binding  of  tha  plants 
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and  tyre  tread.  It  alao  beocmes  clear  here  once  more  that  the  deep  cleat 
tyres  can  support  limited  lateral  forces  with  snail  oblique  angles,  tut 
with  Increasing  angle  can  support  increasing  lateral  forces.  In  all 
cases,  with  the  exception  of  the  daep  maize  field,  the  traction  tread 
mounted  in  the  reoa—nded  direction  of  travel  (track  consists  of  arrows 
directed  backwards)  is  more  favourable  than  the  condition  mounted  against 
the  direction  of  travel. 

The  Terra-Tire  penetrates  a  plant  oovared  surface  wall,  but  has  no  notice¬ 
able  advantages  on  smooth,  crumbly  or  gravel  covered  surfaces.  All 
treaded  tyres  with  small  drift  angles  are  less  favourable  than  smooth  tyres 
an  the  deep  maize  field.  Presumably  hare  the  adhesion  of  the  large  smooth 
surface  of  the  untreaded  tyre  predominates,  until  with  greeter  drift  angles 
the  edges  of  the  tread  penetrate  more  into  the  soil  and  thus  can  support 
larger  forces. 

If  the  lateral  force  is  related  to  the  rolling  reel  stance,  then  a  sort  of 
efficiency  is  produced,  l.e.  a  hicfi  quotient  from  S/R  indicates  good  tyre 
efficiency  far  the  "lateral  support" .  This  quotient  ia  given  in  Fla.  28 
for  all  tyres  and  soils  in  relation  to  drift  angle.  As  there  Is  no 
lateral  force  or  rolling  resistance  available  for  a  »  0°,  all  curves  start 
at  the  origin.  In  all  cases  the  maxiiazn  occurs  bet* wen  5*  and  10",  which 
1s  S/R  ■  1.5  for  cultivated  land  and  S/R  *  2.5  to  4.5  for  the  other  soils. 
This  shows  that  in  relationship  to  the  resistance  force  exerted  in  the 
direction  of  travel,  all  tyres  have  the  greatest  lateral  force  effect 
between  drift  angles  of  5*  and  10*  and  thus  the  greatest  "util  last  ion 
coefficient  or  efficiency"  with  re^rd  to  lateral  airport  capacity. 

6.  Summary 

Although  there  are  numerous  publications  dealing  with  the  forces  acting  on 
tyres  in  soft  ground  in  the  direction  of  travel,  alao  on  drawbar  pull  and 
rolling  resistance,  there  ia  still  little  work  on  the  forces  acting  perpen¬ 
dicular  to  the  direction  of  travel  and  on  lateral  forces. 

A  single  wheel  teeter  used  in  earlier  investigations  was  further  developed 
for  measurements  on  the  non-dr  ivm  implement  tyres  of  field  vehicles,  agri¬ 
cultural  work  machines  and  aquipaant.  This  test  rig  is  mounted  rigidly 
behind  a  Uhlaog  tractor.  With  steering  angles  of  0  to  30*  and  wheel  loads 
of  «q>  to  1.3  t  the  longitudinal  aid  lateral  forces  acting  on  the  test  tyres 
on  be  measured. 


To  determine  the  influence  of  tread  an  the  transferable  lateral  force  or. 
steered  tyres,  a  12.5/80-18  8  PR  tyre  and  aTacn*?l»with  the  same 
diameter,  but  with  a  greater  width  and  with  the  treads  according  to  Pig.  4, 
ad.  The  resistance  forces  in  the  direction  of  travel  and  the 
lateral  farces  were  measured  on  each  tyre  for  five  different  loads  and 
steering  angles  ranging  fran  0  too  30*  an  the  following  soils:  stubble, 
cultivated,  meadow,  gravel  and  her  mated  salts  field.  The  rolling  rasia- 
foroa  and  lateral  force  coefficients  were  determined  by  this  method, 
so  that  a  regression  curve  with  a  polynomial  of  the  third  degree  could  be 
drawn  throu^i  35  measuring  points  for  various  drift  angles  and  loads. 


The  tyre  profile  influences  the  lateral  foroa  coefficients  (lateral  force/ 
wheal  load)  in  particular  on  the  meadow  and  stubble  field. 


The  supportable  lateral  forces  are  between  25  and  70%  higher  for  treaded 
tyres  centered  with  aaooth  tyres  with  a  drift  angle  of  30s.  The  standard 
steered  tyre  with  a  deep  ribbed  tread  produces  smaller  lateral  forces  with 
snail  drift  angles,  but  can  support  the  greatest  lateral  forces  with  large 
drift  angles.  The  traction  tread  is  in  almost  all  cases  more  favourably 
mounted  correctly  in  the  direction  of  travel  than  reversely  mounted.  The 
Terra-Tire  penetrates  plant  covered  surface  well,  but  has  no  particular 
advantage  on  anooth  soil  surfaces.  The  rolling  resistance  coefficients 
(horizontal  force /wheel  load)  are  in  almost  all  cases  on  average  between 
15  to  40%  higher  far  treaded  tyres  than  for  imtreaded  tyres.  With  a  drift 
angle  of  15s  these  are  0.15  to  0.22  for  gravel,  0.18  to  0.27  for  meadow  and 
stubble  field  end  0.25  to  0.32  for  cultivated  land. 

The  results  of  these  measurements  of  la*rral  forces  and  rolling  resistance 
an  inp lenient  tyres  with  various  treads  are  useful  for  the  calculation  of: 

1 .  required  front  axle  loading  for  the  steering  behaviour  of  tractors 
(eccentric  drawbar  pull) ; 

2.  material  loading  of  wheels,  axles  and  tyres: 

3.  required  output  to  overcome  rolling  resistance  of  tractor  front  axle 
or  rear  axle  of  cash  ins  harvester} 

4 .  steerability  and  stability  of  tractors  and  implmmnta  during  operation 
cm  slopes; 

5.  general  drive  behaviour  of  the  tractor  (ocaputer  simulation) . 
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Fig.  1  Overall  view  of  the  Ikiiaog  tractor  with  aountad 
lateral  force  teat  rig. 


fig.  2 


direction  of  travel 


Taat  rig  (Schematic)  for 
■••■uraaant  of  lateral 
force  and  rolling 
raaiatance  of  a  tyre. 


rig.  3  Single  wheel  teeter  for  ateered  tyres. 

Haaauring  variable*!  wheel  loading  M, 
lataral  fore*  S  and  tolling  real  at  vice 
It  in  tha  direction  of  travel. 
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fig.  4 


Teat  tyraai  traction  tread 
deep  ribbed,  nearly  ribleea 
and  Terra-Tire. 


RoUwiderstandsbeiw  R/W 
Botong  final  Coetl 


Fig.  IS  Roiling  rooiotonco  eoofficiont 
of  variouo  tyroo  in  rolotian  to 
drift  ongio  an  o  etubble  fiold. 


Fig.  14  Rolling  rooiotonco 
eoofficiont  of  variouo  tyroo 
In  relation  to  drift  ongio 


Fig.  17  Rolling  rooiotonco 
eoofficiont  of  variouo  tyroo 
In  rolotian  to  drift  ongio  o 
o  cultivated  fiold. 
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Schraglaufwriktl  Drift  Angle 

Schrdqtaufwinket  Pnft  Angle 

fig.  18  Rolling  resistance 
coefficient  of  various  tyres 
in  relation  to  drift  vtgle 
on  gravel. 

Fig.  19  Rolling  resistance 
coefficient  in  relation  to 
drift  vtgle  on  harvested 
deep  seize  field. 
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rig.  20  Percentage  increeee  of  rolling  reeietence  coefficient 
R/W  of  treaded  tyres  cohered  with  un  treaded  tyre  on  various 
soils  with  different  drift  rales. 
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Settenkroftbeiwert  S/W 
Lateral  fore*  coefficient 


fig.  21  Lateral  force  coefficient  S/W  of  various 
tyres  in  relation  to  drift  angle  on  a  atubble  field. 


3chrngUiufw«k«(  Qntt  Angle 


Schrdglaufwinkel  Drill  Angle 


Fig.  24  Lateral  force  coefficient 
of  varioua  tyree  in  relation  to 
drift  angle  on  gravel. 


Fig.  25  Lateral  force  coefficient 
of  varioua  tyree  in  relation  to 
drift  angle  on  a  harveeted,  deep 
Mize  field. 


SchrtjglQufwinktl  Drift  Angle 


fig.  24  Lateral  force  coefficient  S/W  of  ail  treaded 
end  untreaded  tyree  teeted  in  relation  to  drift  «*jle 
on  different  aoila. 


rig.  27  Percentage  increaee  of  lateral -force  coefficient  S/W 
treaded  tyree  coopered  with  untreaded  tyre  on  various 
aolla  at  different  drift  englaa. 
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SchrtigtaufwinM  Or  iff  Angle 


fig.  28  Ratio  of  lateral  force  to  rolling  realetance  of  all 
teeted  tyree  In  relation  to  drift  angle  on  various 
aolla.  The  values  repreaent  a  sort  of  "lateral 
eigport  or  lateral  utlllaatlon  coefficient"  of  the 
tyree. 
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BASIC  STUDY  ON  TMl  TURNING  Rt  MSTANCt  Of  TRACK 


NOBORU  SUGIYAHA  and  HIROSHI  KONDO 


T0KA1  UNIVERSITY,  KANAGAMA,  JAPAN 


1.  INTRODUCTION 


4 

In  recent  years,  the  construction  equipments  have  been  used  even  on  the 
soft  ground.  The  vehicles  of  crawler  type,  such  as  bulldozer,  are  superior 
in  the  trafflcablllty  of  off  the  road.  On  the  contrary,  the  turning 
resistance  may  be  several  times  larger  than  that  of  straight  travelling. 
Therefore  the  turning  performance  of  tracked  vehicles  gives  a  serious 
problem.  Formerly,  the  turning  resistance  was  calculated  by  using  the 
adhesion  coefficient  or  coefficient  of  slip  resistance  between  soil  and 
under  side  of  the  track.  Put  the  turning  resistance  of  the  track  should 
consist  of  the  slip  resistance  of  Its  bottom  and  the  bulldozing  resistance 
due  to  the  passive  earth  pressure  produced  by  side  face  of  the  track.  <L - 

On  the  hard  ground,  the  torque  of  the  bulldozing  resistance  is  small  and 
not  noticed,  but  on  the  soft  ground.  In  case  of  the  track  turns  with  Its 
slnkage.  It  Increases  so  much  that  it  can  no  more  be  disregarded. 

Consequently,  to  solve  those  problems  basically,  the  experimental  study 
was  conducted  by  using  models  of  several  types  of  rigid  tracks.  And  this 
thesis  reports  that  the  moment  of  turning  resistance  of  the  inner  track 
when  the  tracked  vehicle  makes  spin  turn  which  produces  the  largest 
turning  resistance  muld  be  predicted  by  the  proposed  formulae. 


2.  EXPERIMENTAL  APPARATUS  AND  METHOD 


2.1  Characteristic  of  used  soil 


The  experiment  was  conducted  with  Toyoura  standard  sand  and  its  moisture 
content  was  kept  at  about  .8  percents  to  increase  bearing  capacity.  At 
this  time,  the  characteristic  of  the  standard  sand  was  as  follows,  unit 
weight  Yi  "1.35  gf /at,  angle  of  shearing  resistance  ♦•27°,  apparent 
cohesion  c-1 7  gf/c«f  and  ultimate  bearing  capacity  of  the  experimental 
surface  P*.,,*!  k9f/af-  The  apparent  cohesion  mentioned  above  was  so  small 
amount  that  could  not  obtain  by  the  common  shear  test.  So  it  was  obtained 
by  the  equation  of  the  crltecal  height  :  h^MC/v,  xtan(45*+«f2). 

2.2  Test  apparatus 

Fig.]  illustrates  the  outline  of  the  experimental  apparatus.  The  turning 
handle  was  rotated  manually  and  the  turning  torque  worked  to  the  track’s 
model,  the  slnkage  and  turning  angle  were  measured  respectively.  Fig. 2 
Illustrates  the  shape  and  dimensions  of  the  models.  The  models  were 
prepared  seven  kinds. 

2.3  Experimental  method 

(1)  The  prescribed  amount  of  the  standard  sand  was  put  into  the  soil  bln 
(length  :150cm,w1dth  :60cm, depth  :60cm)  and  stlred,  compacted  to  make  it 
constant  density. 

(2)  The  surface  was  smoothed  to  mr^.e  the  depth  from  the  bottom  of  the  soil 
bln  20cm. 
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Fig.  1 .  Schematic  dlagralm  of 
test  apparatus 


Fig. 2.  Model  of  track  shoe 


(3)  Put  the  wdel  at  the  center  of  the  soil  bln  and  fit  the  displacement 
gauge  to  measure  the  slnkage. 

(4)  Load  the  weight  to  make  It  required  contact  pressure  (0.2,  0.4  kgf/c m*) 
or  two  kinds  of  weight  (16,  32  kgf)  and  measure  the  static  slnkage  Z, . 

(5)  Turn  the  model  until  90  degrees  at  an  uniform  velocity,  selfrecord  the 
turning  angle,  turning  torque  and  slip  slnkage. 

(6)  Observate  the  state  of  bulldozing  soil  and  so  on. 

3.  EXPERIMENTAL  RESULT  AND  CONSIDERATION 

3.1  Effect  of  the  track’s  shape  on  the  slip  slnkage 

Fig. 3  shows  the  relation  between  slip  slnkage  Zy  and  track  width  b,  using 
different  width  models  No. 3,  No. 5,  No. 6  and  No. 7  with  a  constant  contact 
pressure  and  90  degrees  turning.  From  this  results  It  can  be  considered 
that  the  slip  slnkage  Is  almost  Independent  of  track  width  b  and 
maintains  constant  values. 

Next  Fig. 4  shows  the  relation  mentioned  above  also,  using  different 
length  models  No.1,  No. 2,  No. 3  and  No. 4  with  the  same  conditions.  From 
those  results,  when  the  contact  pressure  p  Is  0.4  kgf/af,  the  slip 
slnkage  lj  Increases  as  the  track  length  L  becomes  wider.  The  slip  slnkage 
to  L*50ca  Is  about  double  as  large  as  that  to  La20cm.  But  when  the 
constant  pressure  p  is  0.2  kgf/orf,  those  relations  are  not  so  clear. 

Fig. 5  shows  the  relation  between  the  slip  slnkage  It  and  track  width  b 
with  the  weight  W  (16,  32  kof)  and  the  track  length  L  (40cm)  are  constant 
respectively.  Fig. 6  shows  likewise  the  relation  between  the  slip  slnkage 
and  track  length  with  the  weight  mentioned  above  and  the  track  width  b 
(4cm)  are  constant  respectively.  From  those  figures.  It  Is  considered  that 
next  matters  will  be  evident. 

If  the  contact  pressure  becomes  small  Mount,  the  slip  slnkage  decreases. 


but  Its  rate  of  decrease  of  the  track  made  its  width  wider  to  decrase  the 
contact  pressure  Is  larger  than  that  of  the  track  made  Its  length  longer. 
The  contact  area  of  the  model  No.l  and  No. 6  Is  same,  but  the  slip  slnkage 
of  the  model  No. 6  (length  Is  longer,  and  width  Is  smaller)  Indicates  from 
one  and  half  times  to  double  as  large  as  that  of  the  model  No.l. 


P«0.4Kgf/cm2 

P-0.2 

l -40cm 


•  P-0.4  Kgf/cm2 
-P-02 


Pig. 3.  Relationship  between  slip 
slnkage  and  track  width  with 
equal  contact  pressure 


Pig. 4.  Relationship  between  slip 
slnkage  and  track  length 
with  equal  contact  pressure 


•  N-3 2Kgf 
•M-16 
L*40cm 


•  H-32Kof 

•  H-16 
b*4cm 
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Fig. 5.  Relationship  between  slip 
slnkage  and  track  width  with 
equal  model  weights 


Fig. 6.  Relationship  between  slip 
slnkage  and  track  length 
with  equal  model  weights 
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To  get  the  slip  slnkage  7,  as  the  criterion  variables,  with  three  factors 
as  the  predictor  variables,  contact  pressure  p,  track  width  b,  and  track 
length  L,  the  multiple  regression  equation  Is  obtained  as  follows. 

Z, -94. 5p*0. 3521-23.0  (1) 

(partial  correlation  coefficient  R-0.969) 

3.2  Effect  of  the  track’s  shape  on  the  turning  resistance 

Fig. 7  shows  the  relation  between  the  moment  of  turning  resistance  Ht  and 
the  turning  angle*, with  variation  of  the  track  width  b,  under  the  contact 
pressure  p*0.4  Kgf/cm1  and  the  track  length  La40cm.  The  rate  of  Increase  of 
the  moment  of  turning  resistance  becomes  larger  as  the  track  width  Is 
wider.  At  this  time,  as  the  slip  slnkage  Is  constant  approximately 
(see  Fig. 3),  It’s  understood  that  the  more  the  track  Is  wide,  the  more 
amount  of  bulldozing  soil.  This  fact  1$  confirmed  by  observation  of  the 
test. 

Fig. 8  shows  the  relation  between  the  moment  of  turning  resistance  and 
track  length  and  It  corresponds  to  Fig. 6.  If  the  track  length  Is  made 
longer  to  decrease  the  contact  pressure,  the  moment  of  turning  resistance 
shows  a  tendency  to  Increase,  but  there  Is  upper  limit  on  this  tendency. 
Fig. 9  shows  the  relation  between  the  moment  of  turning  resistance  and 
turning  angle  with  models  of  different  width  No. 3,  No. 6  and  No. 7,  using  32 
Kgf  weight.  The  test  result  of  the  model  No. 7  shows  a  constant  moment 
approximately  in  the  range  of  more  than  30*  In  spite  of  Its  continuous 
slnkage.  This  Is  considered  that  the  moment  of  slip  resistance  decreases 
according  to  the  Increase  of  turning  angle. 


a  ,  deg.  L,  cm 


Fig. 7.  Relationship  between  moment  Relationship  between  moment 

of  turning  resistance  and  turning  resistance  and 

turning  angle  with  equal  track  length  with  equal  model 

track  length  weights 
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Fig. 9.  Relationship  between  moment 
of  turning  resistance  and 
turning  angle  with  equal 
track  length 


Fig. 10.  Coordinate  system  and 
symbols  for  track’s 
model  In  turning 


In  the  same  way  of  a  clause  3.1,  to  get  the  moment  of  turning  resistance 
Mt  as  the  criterion  variables,  with  five  factors  as  the  predictor  variables, 
contact  pressure  p,  track  width  b,  track  length  L,  weight  W  and  slnkage 
1,  the  multiple  regrsslon  equation  Is  obtained  as  follows. 

Kt-0. 05341+0. 052U1+0.0606Z-0. 246  (2) 

(partial  correlation  coefficient  R-0.967) 

4.  TURNING  RESISTANCE  CONSIDERED  THE  SLIP  S1NKAGE 

Fig. 10  shows  the  coordinates  and  the  relation  between  the  symbols  and 
acting  forces  while  the  track  turns.  The  turning  center  of  the  track  is  the 
origin  0,  x  axis  Is  the  longitudinal  direction  of  the  track,  the  symbol  j. 

Is  the  mean  turning  amount  at  the  point  of  X.  (a  quarter  length  L  from  the 
center  of  the  track). 

4.1  Bulldozing  resistance 

Wien  the  tracked  vehicles  make  spin  turn  on  the  soft  ground,  the  Inside 
tracks  turn  with  each  sinking.  The  relation  between  the  slip  slnkage  h  and 
the  mean  turning  amount  j.  Is  expressed  by  next  aquation 

(3) 


where 

v,v:  constants  obtained  by  test  result 

the  relation  between  the  slip  slnkage  Z/>  and  the  turning  amount  J,  at 
a  distance  x  from  the  track's  center  is  expressed  from  equation  (3)  as 
follows. 


where  . 

u.*u(x/x.)  ,  J»*J.(x/x,) 

As  the  slip  slnkage  Z ,  Is  smII  Mount  relatively  to  the  ground  contact 
length  of  the  track,  the  sod  amount  scatterd  from  the  edge  of  the  track 
to  the  ground  wight  be  able  to  neglect.  And  1t*s  able  to  constder  that 
the  soil  amount  dug  up  by  the  track  equals  that  heaped  up  on  the  ground 
(Fig. 11(b)).  Then,  as  mentioned  already  and  showed  In  Fig. 7,  In  spite  of 
nearly  constant  of  the  slip  slnkage,  the  rate  of  Increase  of  the  turning 
resistance  becomes  large  as  the  track  width  Is  wider.  Namely  It'll  be  able 
to  consider  that  the  soil  amount  of  bulldozing  will  becow  much  more 
according  to  the  track  width  becows  wider.  So  the  weight  of  the  heaped 
soil  (d8i )  on  a  small  part  of  the  track's  sldefacs  (da)  is  expressed  as 
follows. 


Fig. 11.  Schematic  diagram  of  filling  on  side 
edge  of  track  shoe 


Fig. 12.  Forces  acting  around  of 
track  shoe 


where 

l,:  the  Initial  slnkage 
b  :  the  track  width 

In  the  equation  (S),  the  third  term  Indicates  the  heaped  soil  becomes 
much  more  amount  according  to  the  wider  track.  (Fig. 1 1(b)  part  of  hatching) 
And  It’s  assured  that  the  shape  of  the  heaped  soil  will  disregard  and  Its 
weight  will  ac*  on  the  surface  of  soil  wedge  uniformly.  The  state  of  acting 
forces  around  track  1$  11  lusted  by  Fig. 12  and  the  bulldozing  resistance  R** 
Is  obtained  from  the  balance  of  those  forces  as  follows. 


*Bx 


Bx  ♦ 


-f  ( Z  nzj  /  a(z  1  ♦ZJ )  •  C  •  1 1  +cote-cot(e*»)i 
cos#B-cot(0+#)-s1new 


where 

e  :  angle  of  failure  surface 
*  :  angle  of  shearing  resistance 
4w:  wall  friction  angle 
c:  cohesion 

The  value  of  R*.  becomes  minimum  against  a  certain  value  ofO,  and  at 
this  value  of  6.  the  earth  Is  regarded  as  break.  Then  the  moment  of 
bulldozing  resistance  is  expressed  as  follows. 


(6) 


Mb-2j^ Rex«»  cose»xdx 
4.2  Noaient  of  slip  resistance 

To  obtain  the  slip  resistance,  the  contact  pressure  acted  under  the  track 
must  be  given  first.  In  case  of  spin  turn,  the  center  part  of  the  Inside 
track  sinks  at  that  place  with  compression  of  soil,  but  a  part  of  Its  end 
sinks  with  removal  of  soil.  So  the  distribution  of  the  contact  pressure 
Increases  at  the  center  and  decreases  at  the  end  of  the  track  according  to 
Its  turning.  Consequently  the  moment  of  the  slip  resistance  decreases 
according  to  Increase  of  the  turning  amount. 


Fig. 13.  Movement  of  track  shoe 
for  step  unit 
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Now,  as  Fig. 13  shows  the  changing  state  of  the  under  face  of  the  track 
with  Its  contact  pressure,  each  step  Is  divided  to  the  unit 
(j  -L/2xtan"'  (b/L) )  to  consider  the  contact  pressure.  At  the  step  1, 
beneath  the  area  A«*  ,  the  contact  pressure  increases  with  more  compression 
than  Initial  state.  On  the  contraly,  beneath  the  area  Am,  the  contact 
pressure  decreases  with  the  reason  mentioned  above.  At  the  step  2,  beneath 
the  area  A», ,  the  contact  pressure  Increase  more  than  that  of  beneath  the 
area  Ah  .  By  appricatlon  of  this  method  to  the  step  3,4,"',  the  contact 
pressure  of  each  step  will  be  possible  to  predict. 

At  the  step  1,  each  symbols  put  respectively  as  follows. 

A>. :  subdivided  area 

Pi* :  contact  pressure  of  subdivided  area 

Xom>:  distance  from  point  0  the  center  of  Ai* 

And  the  moment  of  the  slip  resistance  Is  obtained  by  next  equation. 


Ms-2  Jw-Plm*  Aim*  «61m 


(8) 


where 

« :  coefficient  of  the  slip  resistance 

1:  number  of  the  step 

m:  appointed  number  of  subdivided  area 

Next,  the  predicting  method  of  the  contact  pressure  Pi»  will  be  mentioned. 
Fig. 14  shows  the  relation  between  the  mean  turning  amount  j.  and  the  slip 
sinkage  h.  In  the  figure,  j.(l)  Is  the  slip  amount  of  each  step  unit, 

J.(l)  Is  a  half  amount  of  slip  J.(1),  Z<(1)  and  Zi(l)  are  the  sinkage, 
correspond  to  each  J. (1)  and  Ji(l)  respectively.  An  amount  of  compression 
AZ  which  Is  produced  by  the  track,  while  It  turns  on  the  uncompressed,  new 
ground,  is  assumed  as  follows. 

AZ-Zj(l)-Z/(l)  (») 

And  the  relation  between  t*e  contact  pressure  and  sinkage  for  the  loading 
test  will  be  '--.pressed  by  the  exponential  function. 


P-P—'(l-e'$  (10) 


Fig. 14.  Typical  variation  of  slip 
sinkage  and  turning  amount 
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where 

p:  contact  pressure 
Pmx:  ultimate  bearing  capacity 
S:  slnkage 
x:  shape  factor 

This  method  has  the  advantage  of  expression  of  the  curve  of  loading  test 
with  a  simple  type. 

Then,  the  contact  pressure  at  the  step  1  Is  obtained  by  next  equation. 


Pi,  -P—  |l-EXP(--^^)[ 

(ID 

Plm-P—  [i -exp} 

m  1 2 

(12) 

By  above  result,  the  momunt  of  turning  resistance  Mt  Is  expressed  as 
fol lows . 


/  RBxacos4b'Xdx 


#♦1 

♦  2 *2jPl1 


Almx61i 


(13) 


5.  AN  EXAMPLE  OF  CALCULATED  RESULTS 


Table. 1  shows  each  data  used  calculation. 

Fig. 15(a)  shows  the  distribution  of  the  bulldoxlng  resistance  R*, 
calculated  by  the  method  of  a  clause  4.1,  at  the  turning  angle  30°, 60°  and 
90*.  At  the  turning  angle  30*.  It  distributes  approximately  uniformly,  but 
at  the  turning  angle  90*,  the  bulldozing  resistance  of  a  part  of  the 
track's  end  shows  the  value  of  about  1.25  time  as  large  as  that  of  around 
center  of  the  track. 


Tab.1  Parameter  used  for 
calculation _ 


track  width  b>4cm 


track  length  L-50cm 


static  slnkage  Zi»0. lem 


coefficient  of  the  * 
slip  resistance  u'3 


slip  slnkage  •  turning 
amount  curve 

Zj«0.05$4Je,,“ 


P  -  S  curve 

P-l.OI(l-e'A) 


Fig. 15.  Change  of  bulldozing  resistance 
and  failure  surface  angle  with 
turning  angles 


Fig. 15(b)  shows  the  changeing  state  of  the  failure  angle  a  In  case  of 
Fig. 15(a).  The  failure  angle  a  of  a  part  of  the  track's  end  shows  the 
tendency  of  decrease  as  the  turning  angle  Increases.  But  that  of  around 
center  of  the  track  shows  nearly  constant  value.  The  failure  angle 
increase  llnerarly  forward  the  center  from  the  end  of  the  track, and  at  the 
turning  angle  Is  90*.  the  difference  between  both  Is  about  2.3°.  In  Fig. 17 
the  aark  a  shows  the  moment  of  the  bulldozing  resistance  calculated  from 
the  bulldozing  resistance  obtained  by  the  turning  amount  of  each  step  of 
the  unit.  Mb  Increases  linearly  as  the  turning  amount  Increases. 

Fig. 16  shows  the  distribution  of  the  contact  pressure  calculated  by  the 
method  of  clause  4.2  and  the  changing  state  of  Its  mean  value  along  the 
vertical  direction  to  x  axis  (direction  of  the  track  width)  at  each  step 


X  .  cm 


Fig. 16.  Change  of  contact  pressure 
with  each  steps 


Fig. 17.  Comparison  of  the  experimental 
results  with  calculated  results 
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respectively.  The  contact  pressure  of  a  part  of  the  track’s  end  decreases 
as  the  turning  amount  Increases,  but  that  of  around  center  of  track  shows 
rapid  Increase,  (checked  by  earth  pressure  gauges  burled) 

Therefore,  the  moment  of  the  slip  resistance  M.  decreases  as  the  turning 
angle  Increases.  This  calculated  results  are  Illustrated  by  mark  ©In 
Fig. 17. 

Then  the  moment  of  the  turning  resistance  Mt  Is  obtained  by  the  sum  of  Mb 
and  M«  and  those  results  are  Illustrated  by  mark  •  In  Fig. 17.  The 
calculated  results  are  about  ten  percents  smaller  than  the  experimental 
results  but  the  tendency  Is  very  similar  each  other. 

6.  CONCLUSION 

When  the  tracked  vehicles  make  a  spin  turn,  characteristics  of  Inner 
track’s  turning  resistance,  which  is  considered  as  the  fundamental  to 
solve  the  problems  as  the  moment  of  the  turning  resistance,  were  studied 
by  a  series  of  model  experiments  and  then  semi -theoretical  formulae  were 
proposed  to  predict  the  moment  of  the  slip  resistance  and  moment  of  the 
bulldozing  resistance  Nk. 

Those  results  were  verified  by  the  experiments  and  could  be  concluded  as 
follows: 

(1)  When  the  contact  pressure  Is  Identical,  the  sfnkage  lj  increases  In 
proportion  to  the  track  length  L,  but  It  Is  Independent  from  the  track 
width  b. 

(2)  Under  the  same  condition  above  mentioned,  the  rate  of  Increase  of  the 
moment  of  the  turning  resistance  becaaies  larger  in  accordance  with  the 
width  of  track  in  spite  of  the  Identical  slip  slnkage  Zj. 

(3)  When  the  track  length  l  Is  Increased  to  decrease  the  contact  pressure 
under  the  constant  weight,  the  moment  of  the  turning  resistance  Increases 
with  a  certain  possible  upper  limit. 

(4)  For  the  spin  turn  of  the  actual  vehicle,  a  new  turning  method  which 
Is  considered  to  be  the  characteristics  of  the  low  turning  resistance  will 
be  developed. 

(5)  The  seme-theoretical  formulae  were  derived  from  the  relation  between 
the  experimental  slip  slnkage  Zv  and  the  mean  turning  angle.  Then 
calculation  were  compared  with  the  experimental  results  and  found  to  be 
in  fairly  good  agreement. 

In  case  of  spin  turn,  characteristics  of  the  turning  resistance  of  the 
Inner  track  were  clarified  to  a  certain  extent. 

Further  studies  will  be  continued  mainly  to  suggest  relating  equations 
between  the  slip  slnkage  and  the  turning  angle.  Some  problems  In  case  of 
ordinary  turn  by  a  certain  radius  would  also  be  pursued. 
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In  previous  paper, we  have  presented  available  equations 
of  motion  for  analyzing  the  plane  motion  of  the  coupled(non- 
artlculated) tracked  vehicles  with  tow-pins. 

In  this  paper,  a  mathematical  analog  for  predicting  the 
steerability  of  articulated  tracked  vehicles  has  been 
developed  and  computerized  for  numerical  application.  The 
analog  contains  all  the  basic  parameters  such  as  the  vehicle 
characteristics  and  terrain  factors  related  to  steering 
problems  of  the  vehicle.  The  accuracy  of  the  analog  in 
application  has  been  verified  by  scale  model  tests  and 
predictions  proved  quite  satisfactory.  ^Furthermore .  the 
analog  has  been  applied  in  a  parametric  Ystudy  concerning  the 
steering  performance  of  the  vehicles  under  various  environ¬ 
mental  conditions  ranging  from  hard  surface  to  soft  soils. 

As  a  result  of  the  slmulation.it  was  found  that 
steerability (such  as  steering  response),  required  sprocket 
torques  for  steering , track  slippage  and  sinkage  were 
significantly  Improved  in  articulated  tracked  vehicles  when 
compared  with  a  single  and  coupled  tracked  vehicle. 

INTRODUCTION 


A  tracked  vehicle  exhibits  excellent  traff icability 
because  of  its  low  ground  pressure  on  off  road.  They  are 
normally  steered  by  slipping  the  tracks  with  some  form  of 
steering  device.  This  means  the  sprocket  require 
considerable  power.  Track  slippage  and  sinkage  increase 
power  requirements  when  steering  on  soft  ground.  Articulated 
tracked  vehicles  with  articulate  steering  systems  have  been 
recently  developed  in  order  to  Improve  steering  performance 
of  skid-steered  tracked  vehicles.  For  example, the  BV206 0 
is  an  articulated  tracked  vehicle  with  a  hydrostatic 
articulate  steering  system. 

The  steering  dynamics  and  mechanism  of  these  vehicles  are 
complicated, so  a  theoretical  analysis  of  steering  motion  has 
never  been  presented. 

In  previous  paper, we  have  presented  available  mathematical 
models  of  a  single  vehicle and  coupled(non-articulated) 
tracked  vehicles4*  for  predicting  the  steering  performance  in 
stationary  and  non-stationary  turning  motion.  The  equation 
of  plane  motion  of  the  coupled  tracked  units  was  established 
and  numerically  solved  on  a  computer  for  steering  character¬ 
istics.  The  model  was  experimentally  verified  on  actual 
vehicles  and  scale  models.  It  was  found  that  the  velocities  of 
the  vehicles , their  coupled  joints, steering  time  lag  and  mass 
ratio  have  an  Important  Influence  on  the  steering  performance. 
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We  also  found  a  coupled  tracked  vehicle  is  inferior  in  steer¬ 
ability  when  compared  to  a  single  vehicle. 

In  this  paper.a  mathematical  model  for  predicting  the 
plane  turning  motion  of  articulated  tracked  vehicles  has  been 
developed  and  compared  with  turning  characteristics  of  a  single 
and  coupled  tracked  vehicles.  In  order  to  validate  the  actual 
application  of  a  mathematical  model, scale  models  were  used  in 
the  turning  maneuver  test  upon  hard  surface  and  as  well  as  in 
dry  loose  sand.  The  turning  radius . sprocket  torques,  track 
slippage  and  sinkage  were  measured. 

As  a  result.it  was  found  that  mobility .required  sprocket 
power, track  slippage  and  sinkage  in  steering  on  soft  ground 
were  significantly  better  in  articulated  vehicles  when  compared 
with  single  and  coupled  tracked  vehicles,  and  the  steerabil  ity 
of  articulated  tracked  vehicles  was  excellent  at  high  speed. 


THEORETICAL  ANALYSIS  OF  THE  MATHEMATICAL  MODEL 


1  Theoretical  analysis 

(1)  Coordinate  systwm  and  Kinematic  of  vehicle: 

Fig.l  shows  coordinate  systems  and  the  motion  of 
articulated  tracked  vehicles  on  level  ground.  The  X-Y  coordi¬ 
nate  system  is  fixed  on  the  ground  and  its  origin  of  axes 
coincides  with  the  center  of  gravity  of  the  front  unit  at  time 
zero.  The  origins  0,0'  of  body  centered  axis  systems  x-y.x'-y' 
are  fixed  the  center  of  gravity  of  each  vehicle  respectively. 

Coupled  tracked  vehicles  as  in  the  previous  paper4*  are 
steered  by  controlling  track  speeds  of  front  vehicle,  while, 
articulated  vehicles  are  steered  by  articulate  mechanism  by 
changing  the  position  of  the  front  and  rear  units  with  respect 
to  each  other.  The  driving  power  of  each  vehicle  is  transmit¬ 
ted  to  each  track  through  differentials. 

The  slip  motion  of  tracks  and  load  distribution  of  road 
wheels  in  a  turning  maneuver  can  be  defined  in  the  same  form 
for  coupled  vehicles.  The  load  distribution  in  the  interface 
between  tracks  and  around  is  concentrated  under  the  road  wheels . 
The  frictional  coefricent  between  track  and  ground  is  given  by 
),  where,  the  parameters  m  ,  m*,S  and  K  denote  the 
frictional  coefflcent,  the  swximum  friction  coefficent,  track 
slip  ratio  and  a  positive  constant  respectively. 


(2)  Condition  of  constraint 

As  mentioned  above , steering  of  articulated  vehicle  is 
accomplished  by  relative  turns  in  front-rear  plane,  therefore, 
from  the  kinematic  diagram  in  Fig. 1, the  articulate  angle  f  , 
yaw  angle  •  and  velocity  components  V  ,V  of  the  articulate 
point  can  be  written  as  follows;  *  y 


T  FRONT 

VEHICLE 

c 

S^Vc 

Z* 

7 

/.' 

<  / 

REAR  VEHICLE 

Fig  1  Coordinate  ay* tern  of  articulated  vehicles 
in  turning  motion 


FRONT  VEHICLE 

^  REAR  VEHICLE 


Fig. 2  Forces  and  moments  being  exerted  on 
articulated  vehicles 
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(  V)  Balance  of  forces  of  differential  system: 

As  the  driving  power  Is  transmitted  through  differential 
systems  to  the  driving  sprockets,  it  is  considered  that  output 
torques  of  both  sprockets  are  equal.  But  internal  friction 
forces  are  developed  in  the  differential  gears  and  sprocket 
because  of  sprocket  gear  and  track  tension.  If  Ff ■»  and  Ftl 
are  internal  friction  forces  of  both  driving  p>ower  train,  the 
circumference  forces  of  sprockets  Ft  ,Fj  car  be  written  as 
f  ol lows . 

Fj  -  F„  +  1'Qxn  | 


y,  =  Ffj  +  i'Qx'i 


hence 


F|,  -f  i'Qxit  -  Fjj  +  i'Qxu 

1*1  .-I 


It  is  generally  considered  that  the  internal  friction  forces 
F„  ,  FfJ  for  both  sprockets  are  the  same  values  Therefore, 
total  friction  forces  of  both  tracks  under  road  wheels  can 
be  written  respectively  as  follows; 

TQxu  -  JQxu  ) 


=  £  Qxi » 
i-i  i-i 


where  ,Qau  .Quit  arc  x.x'  components  of  friction  forces  of 
tracks  unaer  (1,J)  road  wheel,  1  la  indicates  the  order  of  road 
wheel  from  the  front  vehicle,  J  is  indicates  the  inner  track 
when  j-l  and  the  outer  track  when  j»2. 


(d)  Equation  of  motion- 

Fig. 2  shows  the  forces  being  exerted  on  the  articulated 
tracked  vehicles  Ln  turning  maneuvers.  The  equation  of 
motion  of  articulated  units  can  be  expressed  by  the  following 
equation  from  the  dynamic  balanca  batvaen  all  forces  and 
momenta  about  the  z  axis  acting  on  two  articulated  uints. 

For  the  front  vehicle; 

m  (  Vi  *  V  r  0  )  =  t  1  Q  «u  -  P,  —  (  Rl  +  R*  )  "j 


I  V,  -  V 


.0)  =1  i  QfU-Pr 


.0  (Vi.w-Q...  )-t  i  Qru  (4--^— I-  )L-Pr*+f-(R. -R* 

C  i-i  y*  l  n-  \  Z 


(5) 
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For  the  rear  vehicle; 


m(  V.  +  i  Q  .n  +  Pi  -  (  Ri  R*  ) 

l-l  >-l 

m  (  =1  i  Qf.i-Pr 

l-l  J-l 

r.e  ( Qi>2 ~Q*m  )-l  1  qVu  (i-  £fr 

£  l«l  l«l  J“l  ‘  n  1 


l+Pft+  J  (  R*  -Hi 


>  (6) 


By  substituting  equation  (1)~(4)  into  equations(5)  (6), the 
equation  of  motion  of  an  articulated  tracked  vehicle  may  be 
represented  directly  in  the  terms  of  unkown  quantities  V  ,V  , 
e  and  Vt. .  y 

2  Numerical  analysis 

In  order  to  compare  steerability  of  articulated  vehicles 
with  coupled  vehicles,  a  numerical  analysis  has  been  carried 
out  on  actual  identical  vehicle  systems.  These  main  parameters 
are  listed  in  Table  1. 

FigJ  shows  an  example  for  numerically  computed  results  of 
trajectories  for  the  front  vehicle  of  articulated  and  coupled 
vehicles . 

Solid  line  shows  the  trajectories  of  articulated  units. 

Steering  input  to  articulated  units  is  given  by 

f-kt  (7) 

where ,k  is  angular  velocity  of  articulation,  t  is  time. 

Numerical  analysis  has  been  performed  for  various  steering 
rates  of  k-2,4.6  degree/sec.  It  is  clearly  seen  from  these 
trajectories  that,  in  the  case  of  articulated  units(solid  line), 
the  trajectories  depend  upon  steering  rate  k.  Yawing  velocity 
increases  with  respect  to  steering  rate.  In  contrast  with  the 
articulated  units , steering  response  of  the  coupled  units  is  not 
dependent  upon  the  steering  period, but  it  is  Influenced  by  the 
final  steering  ratio.  It  should  be  pointed  out  here  that 
steerability  of  an  articulated  vehicle  is  significantly  superior 
to  a  coupled  vehicle. 

On  the  other  hand,  dotted  lines  show  the  trajectories  of 
coupled  units.  In  the  case  of  coupled  vehicles,  the  steering 
input  is  given  by  varying  the  track  velocity  V  ,  of  the  front 
vehicle  as  follows; 

VV'»±V«,ln<-3"t/T*)  (8) 

where  V^velocity  of  inner  or  outer  track,  3*1,2 

V,  track  velocity  in  straight  line  direction 
Vt  : track  velocity  variation  for  final  steering  ratio 
T» ; steering  period 
t  : times 

where, the  final  steering  ratio  of  the  front  vehicle  becomes 
£.-1.18  at  three  various  steering  period  Tt-1,2,3  sec. 
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SPECIFIC  TRACK  SLIP  VELOCITY 
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It  is  found  from  Fig. 3  that  the  steering  performance  of  the 
coupled  vehicles  is  influenced  by  the  final  steering  ratio  and 
that  turning  is  independent  of  steering  times.  However,  it 
takes  a  longer  time  to  reach  a  stationary  turning  circle. 
Consequently , steering  response  is  considered  to  be  inferior  to 
the  articulated  vehicle. 

Fig. U  and  Fig. 5  show  the  tractive  forces  and  track  slip 
velocities  of  the  articulated  vehicle, in  comparison  with  tnose 
of  the  coupled  unit .when  the  steering  manuevers  of  each  vehicle 
have  been  set  so  each  vehicle  will  on  the  same  path. 

As  mentioned  above, in  the  turning  motion  of  track  vehicles, 
tractive  forces  are  closely  connected  with  track  slip  velocities. 
The  tractive  forces  and  track  slip  velocities  of  the  articulated 
unit  are  very  small .especially  in  the  frist  stage  of  steering, 
as  compared  with  those  of  the  coupled  unit.  The  coupled  unit 
exhibited  approximately  ten  times  the  tractive  forces  and  the 
slip  velocities  of  articulated  one.  It  was  found  that  required 
sprocket  power  of  an  articulated  tracked  vehicle  for  steering 
is  very  small  when  compared  with  a  single  and  coupled  unit. 


EXPERIMENTAL  EXAMINATION  BY  USING  THE  SCALE  MODEL 


l  experimental  devices 

(1)  Chassis  and  driveline: 

So  as  to  evalute  the  steerability  and  mobility  of  the 
articulated  tracked  vehicle,  scale  models  were  used  in  maneuver 
tests.  The  overall  view  of  the  scale  model  is  shown  on  Fig. 6. 
Table  2  shows  the  parameters  of  the  scale  models.  The  center  of 
gravity  is  located  on  the  body  canter.  The  five  road  wheels  on 
each  side  of  each  unit  have  an  independent  spring  suspension. 

The  engine  and  transmission  are  synchronised  by  propeller  shaft 
are  transsd.tted  through  the  differentials  gear  to  sprocket  exes 
and  both  sprocket  torques  ere  balanced. 

(2)  Steering  system: 

In  the  case  of  stationary  turning  motion  tests,  it  is 
possible  for  the  vehicle  to  circle  by  using  the  connecting 
plate  in  which  articulate  angle  can  be  selected  arbitrarily. 

In  the  case  of  non-stationery  maneuver  motion  tests,  the 
vehicle  is  handled  by  the  controlled  articulation  joint  with 
a  stepping  motor.  The  steering  input  is  e  linear  function, 
such  as  f-kt,  operated  by  a  stepping  smtor. 

(3)  Test  ground: 

Turning  test  were  carried  out  first  on  hard  level  ground 
and  then  on  flat  dry  loose  and  using  the  scale  model.  The 
surface  of  the  herd  level  ground  was  formed  by  a  wooden  plate 
covered  with  e  synthetic  resin  film  about  0.3  n  thick.  A  sand 
bln  with  standard  sand  13  cm  thick  was  used  as  the  soft 
surface.  The  vehicle  tracks  were  covered  with  rubber  pads 
about  2  am  thick  in  order  to  generate  the  usual  friction 
performance  end  ground  preeeure  of  tracks. 
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Fig. 6  The  overall  view  of  the  seal*  model 
Tabla  2  Parameters  of  the  acale  model 


Ground  contact  length 
Vehicle  width 
Weight 
Height 

Numbers  of  wheel 
Distances  of  from  articulate 
Joint  to  C.C 


L-L’ 

0.43  a 

B-B1 

0.29  m 

G-G' 

55.5  kg 

K-H’ 

0.11  D 

n-n ' 

5 

l-t 

0.54  m 

(a)  A  single  vehicle 


(b)  An  articulated  vehicle 

Fig. 7  The  photographs  of  track  slnkage  swasured 
by  the  optical  method 
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2  Experimental  method 

(1)  On  hard  level  ground: 

Stationary  turning  motion  and  non-statlonary  maneuvering 
tests  were  conducted  with  the  articulate  point  equidistant 
from  the  center  of  gravity  of  each  vehicle.  In  order  to 
measure  the  turning  radius  and  the  trajectories  of  the  canters 
of  gravity,  marker  lamps  ware  attached  over  the  canter  of 
gravity  of  each  units.  Tha  required  sprocket  torques  for 
steering  were  measured  by  using  sprocket  axes  with  strain  gages. 

(2)  On  dry  loose  sand: 

Stationary  tests  were  carried  out  on  dry  loose  sand  in  order 
to  measure  the  damage  to  ground  surfaces  and  tractive  forces  of 
units.  Track  slippage  and  slnkage  were  measured  from  the  ruts 
left  In  the  surfaces . 

Fig. 7  shows  the  photographs  of  track  slnkage,  measured  by 
the  optical  method,  when  a  single  and  an  articulated 
vehicle  were  turned  st  stationary  motion  on  the  sand. 


EXPERIMENTAL  RESULTS 


1  Turning  tests  on  hard  ground 

(1)  Stationary  turning  motion: 

Fig. 8  shows  the  comparison  between  the  experimental  results 
and  numerical  prediction  of  tractive  forces  of  articulated, 
coupled  units  and  a  single  unit  during  stationary  turning  motion. 
It  is  cearly  seen  that  lor  a  single  and  coupled  units,  larg 
driving  forces  and  braking  forces  are  developed  In  the  outer  and 
the  inner  track, respectively, because  of  the  skid-steering. 

In  tha  case  of  articulated  tracked  vehicles, driving  forces  of 
both  tracks  were  balanced  by  differential  gears  and  required 
sprocket  torques  for  steering  were  considerable  smaller  than 
those  of  single  and  coupled  units. 

(2)  Non-statlonary  turning  notion: 

rig. 9  shows  an  example  for  numerically  computed  results  of 
the  path  curve  of  the  center  of  gravity  of  the  unit  compared 
with  the  experimental  trajectory  when  tha  vehicles  are  steered 
at  an  articulate  steering  angular  velocity  of  k»3.6*/s  and 
steering  time  t*»l5  s.  The  marker  lamp  is  Installed  on  the 
right  side  of  the  center  of  gravity  as  a  clue  to  elucidate  the 
steering  behavior.  The  white  dots  mark  on  the  experimental 
trajectory  trace  show  the  starting  and  ending  position  in 
steering.  The  good  agreement  between  the  experimental  and 
theoretical  results,  as  shown  in  Fig. 9  .suggests  that  tha 
mathematical  model  is  capable  of  analysing  the  steering  of 
articulated  units. 

Fig. 10  shows  the  comparison  between  the  tractive  forces 
of  the  front  end  rear  units  during  non-statlonary  turning  motion 
whan  the  angular  velocities  of  the  articulation  joint  are 
k-1.8  and  3.A*/e,  respectively.  In  contrast  with  ssmller 
tractive  forces  of  the  rear  unit,  the  tractive  forces  of  the 
front  unit  incease  with  time  after  tha  steering  suutuever  has 
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been  initiated.  The  largest  cause  for  the  difference  between 
the  tractive  forces  of  the  two  units  is  the  off-tracking  of 
each  trajectory.  In  other  words,  the  front  unit  pulls  the 
rear  one  causing  it  to  turn  in  a  larger  radius.  This  means 
that  slippage  and  sinkage  of  tracks  of  the  front  unit  lnceases 
on  the  soft  ground. 

Consequently,  by  designing  the  differentials  to  equalize 
tractive  forces  of  two  units,  the  mobility  and  steerability 
of  an  articulated  vehicle  might  be  improved 

2  Turning  tests  on  the  dry  loose  sand 

From  the  results  of  numerical  analysis,  it  is  conceivable 
that  steerability,  mobility,  track  slippage  and  sinkage  on 
the  soft  ground  will  be  improved  in  an  articulated  vehicle 
when  compared  with  a  single  or  coupled  units.  In  order  to 
compare  the  steering  performance  of  each  vehicle,  stationary 
turning  tests  were  run  on  the  dry  loose  sand,  and  sinkage, 
slip  ratio  and  required  tractive  forces  of  tracks  were  measured. 

Fig. 11  shows  relationships  between  turning  radius  and 
track  sinkage  in  comparison  with  single  and  articulated 
vehicles.  It  was  found  that  the  sinkage  of  the  inner  track 
of  a  single  vehicle  rapidly  inceases  with  decreasing  turning 
radius,  while,  the  sinkage  of  the  outer  track  inceases 
gradually.  On  the  other  hand,  in  the  case  of  articulated 
vehicles,  there  is  little  defference  between  sinkage  of  the 
inner  and  outer  track.  Track  sinkage  of  an  articulated  unit 
is  significantly  small  in  comparison  with  that  of  skid-steering 
vehicles.  This  is  due  to  the  fact  that  articulated  vehicles 
are  not  steered  by  slipping  the  tracks,  but  by  track  velocities 
controlled  by  differential  systems. 

Fig. 12  shows  relationships  between  turning  radius  and  slip 
ratio  Sj  of  track,  where  Sj  is  defined  as; 

V.-V  V  track  velocities 

J  a  J 


J  Vj  body  velocity 

It  was  also  found  that  the  slip  ratio  S(  of  the  articulated 
vehicle  exhibit  approximately  the  same  value,  because  the 
driving  forces  of  both  tracks  are  balanced  by  the  differentials. 
The  slip  ratio  values  are  very  small  in  comparison  with  that 
of  a  single  unit.  It  should  be  pointed  out  here  that  the 
articulated  steering  systems  for  tracked  vehicle  should  be 
of  advantage . 
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SPECIFIC  TURNING  RADIUS  R/L 


Fig. 8  Relationship*  bstwssn  tractive  forces  and 
turning  radius 
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Fig. 9  Trajectories  of  non-atationary  turning  motion 
(experimental  and  theoretical  results) 


Fig. 10  Tractive  forces  of  both  sprockets  during 
a  non-atationary  turn 
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Fig. II  Relationships  between  turning  rsduis  and 
track  linkages 
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Fig. 12  Relationships  between  turning  raduis  end 
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In  this  paper, a  mathematical  model  of  plane  motion  for 
predicting  tne  steerability  and  mobility  of  articulated  vehiclea 
has  been  developed  and  computerized  for  numerical  applications. 
The  validity  of  the  model  has  been  experimentally  verified  by 
use  of  a  scale  model  .  The  experimental  results  obtained  by 
utilizing  the  scale  model  agreed  with  the  theoretical  results. 
The  following  results  are  obtained; 

1.  In  comparison  with  a  single  frame  vehicle  and  tow-pin 
coupled  units .required  driving  forces  of  sprockets  and  slippage 
and  slnkage  of  tracks  of  articulated  vehicles  for  steering  are 
significantly  small.  Consequently  articulated  steering 
systems  produce  a  significant  gain  in  mobility  and  steerability 
on  soft  terrain  which  would  be  Impassable  to  a  single  unit. 

2.  A  significant  improvement  in  the  steering  response  in 
transient  motion  and  in  high  speed  operation  can  be  made  by 
articulation . 

3.  The  mathematical  model  will  enable  us  to  obtain  manerous 
date  indispensable  in  designing  articulated  vehicles. 
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